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 Located in West Texas and Southeastern New Mexico, the Greater Permian Basin has 
recently become the largest petroleum-producing basin in the United States and the second 
largest in the world, having produced over 30 billion barrels of oil as of January 2018 (Mercador, 
2018). Although the Permian Basin has been conventionally drilled since the 1920s, horizontal 
drilling and hydraulic fracturing have recently generated a resurgence in activity in the once 
thought uneconomical, low permeability, basinal plays of the Lower Permian (Wolfcampian and 
Leonardian Series) stratigraphy. The current most popular unconventional targets within the 
Midland Basin, a sub-basin of the broader Permian Basin region, are the fine-grained, low 
permeability siliciclastic intervals of the Leonardian Series (Spraberry and Dean formations) and 
the organic-rich calcareous mudstones of the Wolfcampian interval.  
 The Permian Basin has been subject to a great number of geologic studies to establish 
age, stratigraphy, regional setting, and depositional facies in support of a long history of 
conventional oil field reservoir development in the basin. A few recent studies have been 
conducted on the most popular unconventional play in the Midland Basin, sometimes referred to 
as the Wolfberry Play (Wolfcamp interval and Spraberry Formation), but fewer yet have studied 
the Dean Formation. In response to growing industry interest in the Permian Basin, this study 
focuses on the sedimentology, stratigraphy and reservoir quality of the Dean Formation within 
Borden and Dawson counties, West Texas.  
Based on observations, analyses, and interpretations, multiple conclusions were made 
regarding the Dean formation in this thesis study. The Dean Formation can be divided into two 
parts, the Upper and Lower Dean, which are separated by a cemented carbonate zone, 
mineralogically unique from one another, and consequently contain different reservoir properties 
 iv
due to these differences. Overall, the Upper Dean contains a higher percentage of authigenic and 
detrital carbonate minerals that are prone to occlude porosity and restrict permeability, while the 
Lower Dean has higher silica content, lower authigenic and detrital carbonate content, and higher 
overall porosity and permeability. Furthermore, the Lower Dean displays lower water saturation, 
higher TOC values, and a higher fracture count than the Upper Dean. 
Six facies were determined through three Dean Formation core descriptions and analyses. 
All facies can be subsequently broken up into three separate facies associations: Facies 1-3 are 
basinal facies associations (Facies 1 (Laminated argillaceous siltstone), Facies 2 (Bioturbated 
argillaceous siltstone), and Facies 3 (Massive/Microburrowed argillaceous siltstone)); Facies 4 
and 5 are turbidite facies associations (Facies 4 (Clean siltstone (Bouma sequences Ta, Tb, and 
Tc)) and Facies 5 (Silty shale (Bouma seqeuences Td and Te)); Facies 6 is a transitional facies 
association (Facies 6 (Wavy-laminated/rippled stiltstone)). Dean Formation sediments are 
interpreted as turbidite deposits that have passed through submarine canyons/channels and fans, 
which were later deposited deep in the basin.  
Facies within the Dean Formation have both high vertical and lateral variability due to 
localized turbidite deposits making it difficult to correlate without well logs. Using a technique 
called core luminance it was found that the standard logging tool resolution used to sample the 
Dean Formation is inadequate due to the extreme variability of lithology and facies as it typically 
misses all of these changes. These differences between the core luminance curve and the 
standard gamma ray curve causes major differences in net sand in the core versus the net sand in 
well logs. 
Sediments found in three cores examined exhibited signs of high terrigenous input, 
moderate amounts of paleoproductivity, and low to moderate amounts of anoxia. XRF and XRD 
 v
analyses generally showed that silica content within cores increased with depth while carbonate 
content decreased. Overall, the Dean Formation has relatively low to moderate average porosity 
values and low average permeability values, ranging from negligible up to ~12% porosity and 
negligible to 0.4 mD permeability. Facies 1 (average porosity ranging from 9.6 - 9.8% and 0.2 
mD), Facies 2 (average porosity ranging from 8.2 - 8.6% and 0.4 mD), and Facies 4  (porosity 
ranging from 8.7 - 12.0% and 0.2 mD) represented the highest porosity and permeability values 
while Facies 3 (average porosity of 2.0% and 0.2 mD) and Facies 5 (average porosity ranging 
from 3.2 – 8.0% and 0.2 mD) had the lowest. Microfractures found within the facies greatly 
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Scores of prominent hydrocarbon basins that were once thought to have been exploited to 
their fullest extent have now been rejuvenated by the rise of horizontal drilling and new 
completion practices.  A recent and well-known example of this phenomenon is the Permian 
Basin (Figure 1.1).  Located in West Texas and Southeastern New Mexico, the Permian Basin 
has long been an important oil and gas resource for the United States.  It spans over an estimated 
86,000 square miles and includes all or portions of 52 counties (Cortez III, 2012).  The Permian 
Basin is one of the largest sedimentary basins in North America and contains oil and gas 
producing reservoirs from the Permian through the Ordovician in age (Dutton et al., 2004). As of 
January 2018, the Permian Basin has produced over a cumulative 30 billion barrels of oil and 75 
trillion cubic feet of natural gas, officially making the Permian Basin the largest petroleum-
producing basin in the United States and the second largest in the world (Mercador, 2018).  
Conventional drilling in the Permian Basin began during the 1920s with the first 
producing well completed in Mitchell County, the Santa Rita No. 1 (Dutton et al., 2005).  
Production has continued ever since for the past 90 years.  Although traditional oil and gas 
drilling methods have been highly effective, newer technologies like horizontal drilling and 
hydraulic fracturing have renewed industry’s interest in the basin.  The Permian Basin is seeking 
to continue its lead through the use of unconventional technologies in the stratigraphic intervals 
of the Wolfcamp, Dean, and Spraberry (i.e. the Wolfberry Play) in the Midland Basin and is 
generating one of the largest unconventional plays in the United States (Figure 1.2).  An 
emerging unconventional target within the Wolfberry Play is the Dean Formation. Located  
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between the Spraberry and Wolfcamp Formations (both of which are actively being developed 
by industry using unconventional technologies), the Dean Formation has been a conventional 
producing reservoir since the early 1960s (Girardot, 1986).  Traditionally, the Dean was 
produced using vertical wells with small hydraulic fracturing jobs and was often commingled 
with the overlying Spraberry Sands in order to generate economic production rates.  The Dean 
Formation is composed of siliciclastic siltstones, sandstones, and mudrock in thinly interbedded 
successions that predominantly contains low porosities and permeabilities.  Studies have 
indicated that these sediments were likely deposited as sediment gravity flows in an 
intracratonic, deep-water basin surrounded by carbonate platforms that extend over 150 miles 
north-south and cover the entire Midland Basin floor  (Bureau of Economic Geology, 2009; 
Cortez III, 2012; Girardot, 1986; Hamlin and Baumgardner, 2012). The overlying Spraberry 
Formation is lithologically similar to the Dean and is also considered to be a sediment gravity 
flow deposit (Handford, 1981). 
The term “Wolfberry” was initially coined to indicate comingled production from the 
Permian Spraberry, Dean, and Wolfcamp formations (Hamlin and Baumgardner, 2012).  The 
Spraberry and Dean sandstones have been producing oil in the Midland Basin since the 1940s 
and the combination of these two formations is known as the Spraberry Trend (Bureau of 
Economic Geology, 2009; Girardot, 1986).  The Wolfberry play lies in the area of the Midland 
Basin where the historically productive Spraberry Trend geographically overlies the productive 
area of the new emerging Wolfcamp play (Figure 2) (Hamlin and Baumgardner, 2012).  
Generally, the Wolfberry play can be characterized as a supersaturated hydrocarbon system of 
alternating siliciclastics, calcareous, and organic-rich mudrock reservoirs.  These reservoirs are 
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economic in part due to their overall gross section thickness (more than 3,000 feet in places) and 
the usage of horizontal drilling and hydraulic fracturing techniques.    
 
1.2  Study Purpose and Objectives 
 The purpose of this study is to provide a better understanding of the sedimentology, 
stratigraphy, and reservoir quality of the Dean Formation in the northern Midland Basin in order 
to assist industry exploration and production opportunities in the Midland Basin. This has been 
achieved by: 
1) Detailed stratigraphic and facies analysis of the Dean Formation from core and well 
logs; 
2) Interpreting the depositional environment of Dean Formation sediments through use 
of historical studies and core analysis; 
3) Conducting lithological analysis of cores through petrographic thin sections, XRD, 
XRF and FE-SEM images; 
4) Determining reservoir properties through permeability and porosity measurements. 
 
1.3  Area of Investigation 
 The study area is located in the southeastern corner of Dawson County and the 
southwestern corner of Borden County, West Texas (Figure 1.3). Dean Formation sediments 
were deposited in the northern-central area of the Midland Basin, thus corresponding with these 
two counties. Three core samples are used for this study; the Good 4 #1 provided by the Apache 
Corporation from Borden County, and two Superior Oil Corporation cores provided by the 
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Bureau of Economic Geology in Austin, Texas, Well 1403 and Well 1508, located in the Ackerly 
(Dean Sandstone) Field in Dawson County. 
 
1.4 Dataset and Methods 
 This study integrated data made accessible by the Apache Corporation and IHS along 
with data collected from cores found at the Bureau of Economic Geology in Austin, Texas to  
further describe the basic character of the Dean Formation in addition to determining its reservoir 
quality and properties. This work was done through the methods described below: 
 
1.4.1  Core Analysis 
Three cores (Apache Corporation: Good 4 #1 core, and Superior Oil Corporation: Well 
1403 and Well 1508 cores) were described documenting texture/grain size, lithology, 
sedimentary structures, fossil assemblage/ichnology and color. Through these descriptions, 
sedimentary facies and facies associations were developed to aid in understanding the vertical 
and lateral variability within the Dean Formation. Core descriptions also provide context for 
other analyses described in subsequent sections. Depositional interpretations were made based 
from the core descriptions, resulting facies, and historical literature.  
 
1.4.2  Thin Section Data 
The Apache Corporation provided petrographic thin sections for the Good 4 #1 core 
along with detailed images of these thin sections. Weatherford Laboratories made additional thin 
sections from samples taken from the Well 1508 core. Both sets of thin sections were dual 
carbonate stained in order to better identify calcite grains, cement and porosity in the samples. 
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Thin sections aid in the understanding of the Dean Formation at a much smaller scale than core 
examination. Due to the fine-grained nature of the Dean, its sedimentary features may sometimes 
be better described and studied through thin sections. Minor variations in the mineralogical 
constituency of the formation were observed through thin sections. Petrographic microscopes at 
the Colorado School of Mines were used to view these thin sections. 
 
1.4.3  Porosity and Permeability Data 
Permeability measurements for the Good 4 #1 core were taken using the New England 
Research TinyPerm 3 © tool. This tool was on loan from the Apache Corporation and is a 
portable handheld air permeameter that qualitatively measures rock matrix permeability or 
effective fractures in cores or outcrop samples. The TinyPerm 3 is able to measure permeability 
ranging from 1 millidarcy to 10 Darcys. This information aided in the assessment of the Dean 
Formation’s overall reservoir quality and unconventional potential. The Apache Corporation has 
provided additional twin plug analysis porosity and permeability measurements taken by 
Weatherford Laboratories for the Good 4 #1 core. In addition, porosity was estimated for the 
Good 4 #1 and Well 1508 cores using the software ImageJ and thin section images. 
 
1.4.4  X-Ray Diffraction (XRD), X-Ray Fluorescence (XRF), and Field Emission Scanning 
Electron Microscopy (FE-SEM) Data 
XRD, XRF and FE-SEM analyses provide data regarding a rock’s composition from 
elemental and mineralogical discernments. A Bruker Tracer 5i XRF was used to collect XRF 
data, Weatherford Laboratories and the Mineral Lab ran XRD analysis, and a JEOL 7000 
FESEM was used to collect FE-SEM data. This data was used to discern the mineralogical nature 
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of the Dean Formation and significantly contributed to reservoir potential, petrophysical, and 
geochemical interpretations.  
 
1.4.5 Well Log Data 
Apache Corporation provided logs for the Good 4 #1 core and the Bureau of Economic 
Geology of Austin, Texas, provided logs for the Well 1403 and Well 1508 cores.  These well 
logs aided in the assessment of reservoir quality through comparison of well log porosity and 
permeability estimates with measured porosity and permeability measurements. 
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Figure 1.1: Map of West Texas and Southeastern New Mexico showing the Permian Basin 
(Bureau of Economic Geology, 2009). 
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Figure 1.2: Major geologic features of the Midland Basin. Illustration outlines the Wolfberry 
Trend, which includes production from both the Spraberry/Dean and Wolfcamp reservoirs. Dean 




Figure 1.3: Study area includes Borden and Dawson counties, West Texas. Core locations have been marked on the study area map as 









2.1 Regional Geology Overview 
The modern-day Greater Permian Basin was once a part of a larger and shallower down-
warped area known as the Tobosa Basin (Ball, 1995).  During Ordovician time, a shallow 
intracratonic sea covered this ancestral basin, thus creating a restricted shallow carbonate shelf 
known as the Ellenburger Formation (C&C Reservoirs, 2011).  The structural configuration of 
the Permian Basin developed during the Pennsylvanian to the Early Permian, when the Tobosa 
Basin was transformed into a foreland basin in front of the Marathon-Ouachita Fold and Thrust 
Belt (Figure 2.1). The Tobosa Basin was partitioned into several smaller geologic structures as a 
consequence of foreland deformation and associated inversion of extensional fault blocks during 
the creation of Pangea in the Late Paleozoic. The inverted fault blocks became the physiographic 
highs found in the present-day Permian Basin: the Central Basin Platform, Ozona Arch, Pedernal 
Uplift, and the Matador Arch (Girardot, 1986).  These topographic highs separated the greater 
Permian Basin into three smaller subordinate basins by the Middle Pennsylvanian: the Midland 
Basin, the Delaware Basin, and the Val Verde Basin. Further tectonic disturbance ended by the 
Early Permian (C&C Reservoirs, 2014). Due to the differences in elevation, the basins filled with 
deepwater clastic sediments while the uplifted platforms were overlain with shallow-water 






2.2 Regional Structure 
 The present-day greater Permian Basin is approximately 260 miles by 300 miles in areal 
extent, while a larger portion of the basin lies inside Texas borders versus New Mexico (Ball, 
1995). Structurally, the Greater Permian Basin is bounded on the north by the Matador Arch, 
bounded on the east by the Eastern Shelf and Bend Arch, bounded on the south by the Marathon-
Ouachita Fold Belt, and finally, bounded to the west by the Diablo Platform and Pedernal Uplift.  
The Central Basin platform separates the basin into the eastern Midland and the western 
Delaware basins.  The basin is asymmetrical when looked at in cross section; The Delaware 
Basin contains thicker and more structurally deformed strata while the Midland Basin is filled 
with thinner, gradually sloping upward strata (Girardot, 1986) (Figure 2.2).   
 The Midland Basin has similar boundaries to the overall Permian Basin.  The Central 
Basin Platform defines the Midland Basin’s western boundary and is also the deepest part of this 
asymmetrical basin.  The eastern, northwestern, and northern shelves bound the eastern and 
northern portions of the Midland Basin (Prince, 2015).  Despite these similarities, the Midland 
Basin also has its own set of specific structural elements that differ from the overall Permian 
Basin structure.  The Ozona Arch defines the southern part of the Midland Basin.  Similar to the 
Central Basin Platform, the Ozona Arch is a basement-involved foreland feature created during 
the Marathon-Ouachita fold belt.  The Ozona Arch is also the only place in the basin where the 
Midland Basin is attached to the southern Val Verde Basin (Hamlin and Baumgardner, 2012). 
Another unique feature in the Midland Basin is the Horseshoe Atoll.  Located in the north-central 
part of the basin, the Horseshoe Atoll is a shallow marine phylloid algal bank that spans across 
the basin in a regional crescent-shaped trend (Prince, 2015). 
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2.3  Regional Stratigraphy 
 The Midland Basin consists predominantly of Pennsylvanian to Permian deep-marine 
clastics and hemi-pelagic carbonate muds. These sediments are bounded to the north, east, and 
west by progradational carbonate and evaporite platforms with shelf-margin reef complexes 
(C&C Resources, 2015).  The entire basin seems to be dominated by cyclic lithofacies driven by 
changes in sea level (Hamlin and Baumgardner, 2012; Girardot, 1986; Prince, 2015).  
The Leonardian and Wolfcampian stratigraphy on the Midland Basin floor form 
widespread and continuous, horizontally bedded successions of mudstones and siliciclastics that 
alternate between high and low carbonate content (Hamlin and Baumgardner, 2012).  In contrast, 
the strata found on the basin margin slopes of the Midland Basin and separate the basin floor 
from the surrounding shallow-water shelves, are discontinuous detrital carbonates and clinoform 
geometries (Hamlin and Baumgardner, 2012).  Correlating the stratigraphy between the basin 
floor and the platforms has been difficult due to high shelf to basin relief and abrupt facies 
changes. However, previous studies have been able to establish Midland Basin stratigraphy 
through biostratigraphy, seismic data, and wireline-logs (Fitchen et al., 1995; Girardot, 1986; 
Hamlin and Baumgardner, 2012). 
The Dean Formation is Leonardian in age, overlain by clastic and carbonate sequences of 
the Upper and Lower Spraberry and overlies the Wolfcamp carbonates and shales (Girardot, 
1986; Hamlin and Baumgardner, 2012) (Figure 2.3).  Based on regional correlations, the Dean 
Formation is equivalent to the Tubb Formation on the Central Basin Platform and the Third Sand 
of the Bone Spring Formation in the Delaware Basin (C&C Resources, 2015; Girardot, 1986; 
Hamlin and Baumgardner, 2012).  The Tubb and the Dean are actually physically continuous 
along low-gradient platform margins, but are separated by a bypass zone on the slope where the 
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platform margins are vertically stacked (Mazzullo et al., 1989).  The Dean Formation is 100 to 
200 feet thick and is composed of thinly interbedded siliciclastic siltstone, sandstone, and 
mudrock.  The Dean thickens toward the northern margin of the basin and thins towards all of 
the other basin margins.  Previous studies have indicated that the major sources of sediment input 
for the Midland Basin were located at the north margin explaining the thicker strata in the north 
(Hamlin and Baumgardner, 2012; Prince, 2015).  The Horseshoe Atoll has also attributed to this 
spreading phenomenon by acting as a baffle as sediments derived from the north, affecting 
subsequent depositional patterns of the Dean.   
The Spraberry Formation is similar in all aspects to the Dean: character and origin (C&C 
Resources, 2015; Girardot, 1986).  Both the Dean and Spraberry formations were deposited in a 
relatively deep basinal environment by turbidity currents and hemipelagic fallout 
during episodes of relative sea level lowstands.  These turbidity currents transported sediments 
into the Midland Basin through submarine canyons located mainly in the Northern Shelf.  Deep-
sea fans were created at the head of the submarine canyons as the sediments settled into the basin 
(C&C Resources, 2015; Girardot, 1986; Hamlin and Baumgardner, 2012).  Deposition of these 
clastic submarine fans was strongly influenced by basin geometry.  Sediments pooled into the 
basin north of the Horseshoe Atoll before spreading to the main basin depocenter, while an 
extensive network of leveed channels helped deliver very fine sands, silts, and muds up to 150 
miles deep into the basin (C&C Resources, 2015).  Partial Bouma sequences are common in the 
Dean and Spraberry formations, but complete Bouma sequences are rare.  Well-developed 
Bouma sequences in deep-water depositional settings are strong indicators that these Leonardian 
sandstones were deposited by turbidity currents (Girardot, 1986; Hamlin and Baumgardner, 
2012).  
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2.4  Previous Work  
Few studies have been conducted on the Wolfberry Play and even fewer studies have 
concentrated solely on the Dean Formation (Handford, 1981; Girardot, 1986; Hamlin and 
Baumgardner, 2012). Throughout most of the literature, the Dean is often only described as a 
part of the Spraberry Trend, not as its own entity.  Nevertheless, with industry’s growing interest 
in the Permian Basin, more studies are being conducted within these individual formations. 
Two years after oil was discovered in the Spraberry Trend in 1949, publications 
concerning the geology of the Dean Formation began to emerge (McLennan and Bradley, 1951; 
Silver and Todd, 1969). Early literature focused on the lithology, physical stratigraphy, and the 
structural settings of both the Spraberry and Dean formations. McLennan and Bradley (1951) 
determined that the sandstone members found within the Lower Spraberry are lithologically 
similar to the Dean Sandstone. They also proposed that the Dean is Wolfcampian in age, 
however, later studies indicated that the Dean is actually Leonardian in age (Silver and Todd, 
1969; Jeary, 1978; Handford, 1981). Silver and Todd (1969) described platform-to-basin 
correlations in the Midland Basin and also recognized that the alternating carbonate-siliciclastic 
sedimentation patterns were a result of sea level fluctuations. Subsequently, Handford (1981) 
concluded that the Spraberry and Dean formations were deposited in a relatively deep basinal 
environment by turbidity currents and hemipelagic fallout during episodes of relative sea level 
lowstands. Later studies confirmed this theory through heavy core analysis and cite sediment 
gravity flows as the main transporter of terrigenous sediments to the Midland Basin (Girardot, 
1986; Hamlin and Baumgardner, 2012). 
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Figure 2.1: Permian Basin physiography (modified from BEG, 2009). 
 
 
Figure 2.2: Illustration of the structure of Delaware and Midland Basins with the Central Basin 
Platform lying between them. The Delaware Basin has thicker sediments and is significantly 
deeper than the Midland Basin. The Midland Basin is deepest adjacent to the Central Basin 
Platform while its sediments slowly dip upwards towards the east (Robinson, 1988). 
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Figure 2.3: Stratigraphic chart of Pennsylvanian and Lower Permian units in the Midland Basin 
and correlative units in the Delaware Basin and on the Central Basin Platform. Nomenclature 
system used in this paper is highlighted in yellow. The Dean Sandstone is outlined in the red 




3.1  Core Description Methodology 
 Three cores were described for this study from vertical wells: Good 4 #1 (398 feet of 
core), Well 1403 (131 feet of core) and Well 1508 (232 feet of core). The grain size, sedimentary 
structures, lithology, trace fossil assemblages, reactivity to hydrochloric acid, and color were all 
recorded. Facies were identified through these descriptions as lithologically-distinct intervals that 
were used to determine the lateral and vertical variability of the Dean Formation as well as the 
depositional environment. 
 
3.2 Facies and Descriptions 
 A total of six facies were determined after describing all three cores (Good 4 #1, Well 
1403 and Well 1508) (Table 3.1): Facies 1 a laminated argillaceous siltstone, Facies 2 a 
bioturbated argillaceous siltstone, Facies 3 a Massive/Microburrowed, argillaceous siltstone, 
Facies 4 a clean siltstone, Facies 5 a silty shale, and Facies 6 a wavy-laminated/rippled siltstone. 
 
3.2.1 Laminated argillaceous siltstone 
Facies 1 consists of repeating laminae couplets of silt and clay of various thickness 
(Figure 3.1). This facies tends to have sharp, scoured basal contacts with whatever facies is 
below it. The thickness of the clay laminae, typically ranging from 0.01 to 0.2 inches, determine 
how dark or light this facies appears in core, thus leading to two end members of this facies: 1) a 
clay-rich end member with thick clay laminae that is very dark grey in color, and 2) a clean end 
member with very thin clay laminae that is very light grey in color.  
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3.2.2 Bioturbated argillaceous siltstone 
Facies 2 consists of silt-sized grains with such a high percentage of bioturbation that 
almost all of the sedimentary structures have been obliterated within this facies (Figure 3.2). 
Vertical contacts between Facies 1 and Facies 2 are typically gradational with few sharp 
contacts. Again, like Facies 1, the abundance of clay present in this facies distinguishes between 
two different end members: 1) an intensely and diversely bioturbated end member that is very 
light grey in color and 2) an intensely and diversely bioturbated, highly argillaceous end member 
that is very dark grey in color with a few light grey swirls of cleaner siltstone. The trace fossil 
assemblage found within this facies consists of mostly of deep marine fossils with the most 
common traces being Zoophycos, Phycosiphon, and Chondrites. The full trace fossil assemblage 
along with their abundance and patterns of occurrence will be discussed more in depth further on 
in this chapter (3.4).  
 
3.2.3. Massive/Microburrowed, argillaceous siltstone 
Facies 3 consists of mostly massive siltstone to very-fine upper sandstone with occasional 
burrows, microburrows, or faint laminae with little matrix material between grains (Figure 3.3 
A). This facies is most commonly found at the top and bottom of the Dean, occurring 
infrequently in the middle.  
Carbonate debrites are often found within this facies (Figure 3.4). They are more 
prevalent within the Good 4 #1 core than the Well 1403 and Well 1508 cores. These carbonate 
debrite deposits are typically found within Facies 3 (Massive/microburrowed argillaceous 
siltstone), have large pieces of broken carbonate (mixture of calcite and dolomite) and very 
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coarse to pebble sized grains of quartz, and range in size from 1-2 inches thick to 6-7 inches 
thick. 
 
3.2.4. Clean siltstone  
Facies 4 consists of thin, normally-graded beds of clean siltstone, that rapidly fine 
upwards into silty shale (Facies 5, discussed in the subsequent part of this chapter) (Figure 3.3 
B). Sediments in this facies are typically planar laminated however, they can also be massive, or, 
on the very rare occasion, rippled.  
The facies can range in thickness from 0.5 inches to 3.5 feet. Facies 4 is usually a lighter 
grey-yellow color but can also be very dark yellow when it is oil stained. This oil staining only 
occurs in the lower Dean and is seen in the Good 4 #1 and Well 1508 cores. 
 
3.2.5. Silty shale  
Facies 5 consists of very thin (0.01-0.1 inches), dark-grey, silty-clay sediments (Figure 
3.3 B). This facies is typically found above normally-graded beds of clean siltstone that make up 
Facies 4.  There are usually very little sedimentary structures that occur in this facies besides 
very faint laminae. No trace fossils are found within this facies either. Facies 5 is typically very 
thin, ranging in 1 to 3 inches thick regardless of how thick the clean siltstone facies is below it. 
Facies 4 can either have sharp contacts with Facies 5, smoothly grade into Facies 5, or have 





3.2.6 Wavy-laminated/rippled siltstone 
 Facies 6 consists of relatively clean siltstone to very fine-grained sandstone intermixed 
with ripples and mud laminations (Figure 3.3 C). Unlike the other facies, which are found in all 
three cores in this study, Facies 6 is only found in Well 1403. This facies ranges in thickness 
from 1 to 2 inches up to almost one foot. 
 
3.3 Depositional Environment 
The transition to the Dean Formation from the Wolfcamp Formation denotes an 
important basin-wide shift in sediment type and source from a carbonate dominated system to a 
siliciclastic dominated system (Hamlin and Baumgardner, 2012). Deposition of the clastic 
sediments of the Dean Formation occurred in a deep-water setting principally by sediment 
gravity flows and associated suspension settling (Giradot, 1986).  
Sediment gravity flows found within the Dean Formation can be separated into traditional 
low-density turbidite deposits (Bouma, 1962) and hybrid flows comprised of turbidite deposits 
that transition into mud-rich debris flows (e.g., Kane and Ponten, 2012; Southern et al., 2017; 
and Talling, 2013). Evidence of normal turbidite deposition can be seen in the well-developed 
bedforms and sedimentary structures that are interpreted to correspond to Bouma sequences Ta 
through Te (Figure 3.5). Bouma sequence notes the ideal vertical succession of a turbidite 
deposit. Structures in a turbidite deposit reflect the decreasing energy in the depositing current. 
Many variations in the Bouma sequence are possible and it is rare to find a whole sequence 
together. Hybrid flows begin as Bouma sequence turbidites, Ta and/or Tb, which then transition 
upwards into banded siltstones that show mud-poor and mud-rich intervals or completely grade 
from Facies 4 into Facies 5 debris flows as a consequence of changing water and sediment 
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energy. Turbidite deposits and hybrid flows are transported into the Midland Basin through a 
system of submarine canyons and fans (Figure 3.6). 
The Dean Formation sequences seen in these cores were likely deposited during a relative 
sea-level lowstand, in which the adjacent shelf was emergent and siliciclastic sediment was 
transported across it to the basin. The origins of the silt and clays found within the Midland 
Basin have long been debated. Although the production, transportation and deposition of silt and 
clay into a basin are ultimately influenced by climate, there are two prevailing mechanism 
theories: Silt from eolian dune fields on the emergent shelf northeast of the basin was carried out 
in the basin either by seasonal winds and/or saline density interflows alternating with mud layers 
to create a background, suspension settling deposit (Williamson, 1979; Bozanich, 1979; 
Handford, 1981) (Figure 3.7). These two processes likely produced the laminated argillaceous 
siltstone and the bioturbated argillaceous siltstone that is prevalent in the Dean. 
 
3.4 Facies Associations 
 The six aforementioned facies can be broken up into three distinct facies association 
categories: basinal facies, event bed facies, and wavy-laminated/rippled siltstone. 
 
3.4.1 Facies Association A: Basinal Facies 
Basinal facies are sediments that occurred during “normal” basinal functions. In other 
words, they acted as the “background” basinal facies when no other major events were occurring. 
These facies include Facies 1, 2, and 3. These facies were likely deposited by bottom currents 
that were fed by silt and clays sourced from either an eolian or suspension settling process 
caused by saline density differences. Periods of greater bioturbation often indicate slow 
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sedimentation rates; likewise, low to negligible bioturbation reflects rapid sedimentation rates as 
organisms had less time to disturb the sediment thus keeping the original depositional fabric 
intact. 
 
3.4.2 Facies Association B: Event-Bed Facies 
Event-bed facies include turbidite facies and hybrid flow facies. The turbidite facies 
include facies that are the product of the deposition by turbidity currents, i.e. Bouma sequence 
facies (Bouma, 1962)(Figure 3.8). Likewise, hybrid flows are sediment gravity deposits that are 
composed of a sequence of turbidite facies followed by debris flow facies caused by changes in 
sediment gravity flow strength (Talling, 2017). 
The turbidite and hybrid flows found within the Dean Formation are all fine-grained, 
siliciclastic deposits with little compositional or textural variation. The most distinctive feature 
of both of these event beds is the thick clean siltstone (2 inches to 3.5 feet thick) lower section 
(Facies 4) that is then followed by a thin (0.5-4 inches thick) silty shale top section (Facies 5). 
Turbidite and hybrid flows are distinguished from one another by the transition between Facies 4 
and Facies 5. Normal turbidites follow Bouma sequence transitions where Facies 4 represents 
Bouma sequences Ta, Tb, and Tc and immediately progresses into Facies 5, which represents 
Bouma sequences Td and Te. There is no gradational change from Facies 4 into Facies 5 in 
normal turbidite sequences. On the other hand, hybrid flows have a very gradational change from 
Facies 4 into Facies 5. Facies 4 is interpreted to be the turbulent portion of a hybrid flow, and 
contains Bouma sequences Ta and Tb. Bouma sequence Tc is missing from Facies 4 within 
hybrid flows, thus causing a gradual transition from Facies 4 into Facies 5. In this case, Facies 5 
does not represent Bouma sequences Td and Te, instead it represents mud-rich debris flows. 
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Hybrid flow deposits tend to be more prevalent than normal turbidite deposits throughout all 
cores. 
 
3.4.3 Facies Association C: Wavy-laminated/rippled siltstone 
This facies is only found in Well 1403. Facies 6, the wavy-laminated/rippled siltstone is 
deposited when the sediments are transitioning from one formation to the next; in this case, the 
sediments are transitioning from the Dean Formation to the Spraberry Formation. Sediments 
were likely deposited in a shallow water setting where sediments could be effected by wave-
action during a sea-level highstand between the sea-level lowstand systems tract when the Dean 
Formation was deposited and the second sea-level lowstand when the Spraberry Formation was 
deposited. 
 
3.5 Facies Distributions 
 The Dean Formation has high lateral and vertical facies variability according to the 
observed cores (Figure 3.9). Facies in the Dean are extremely cyclic, occurring over and over 
again throughout the cores; however, facies distribution within all three cores is also very 
different (Figure 3.10). It must be noted that ~32% of the Well 1508 core was missing due to 
Superior Oil Co. sampling the core before donating it to the Bureau of Economic Geology. As 
this was the case, Well 1508 was used to make observations on facies characteristics and 
secondary sedimentary structures but was left out of the facies composition percentage 
calculations. Yet, from the core that was preserved, Well 1508 was observed to be more similar 
to Well 1403 in comparison to Good 4 #1. 
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Facies 1 dominates the Good 4 #1 core, making up ~43% of the entire core. In contrast, 
Facies 1 is not as prevalent in Well 1403, making up only ~21% respectively. Event-bed facies, 
Facies 4 and 5 were combined as one event for this evaluation and were split up into thick (clean 
siltstone facies >5 inches thick) and thin (clean siltstone <5 inches thick) facies. Not only does 
Well 1403 have a higher percentage of turbidite and hybrid flow facies than Good 4 #1, 57% vs. 
31% respectively, Well 1403 also has a higher percentage of thick turbidite and hybrid flow 
facies 31% vs. 11% respectively. The prevalence of event-bed facies in Well 1403 make this 
core “sandier” or more siltstone prevalent than Good 4 #1.  
It must also be noted that Facies 6 is only seen in Well 1403 and is absent from Well 
1508 (despite its close proximity) as well as Good 4 #1. 
 
3.6 Bioturbation 
 The type, abundance, and diversity of trace fossils found within the core were observed 
and recorded. Noting the ichnology of a core aids in the understanding and constraining of the 
sediment’s depositional environment as slight changes in the oxygen, salinity, energy levels, and 
water depth drastically affect the types of organisms that can live in an environment (Bromley, 
1996).  
 Almost all of the bioturbation of these cores is found within Facies 2 and is almost 
completely absent from the sandstone/siltstone beds of Facies 3 and 6. In general, bioturbation in 
the Dean Formation is often found in the form of obliterated sedimentary structures, burrowed 
clay lenses and breakup clasts. When looking at actual organisms, besides the overwhelming 
regular bioturbation of Facies 2, deep-marine trace fossils are the most abundant indicating a 
deep marine, oxic depositional environment. Typically, these trace fossils follow the cyclic 
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nature of the six facies found in the Dean cores in the fact that they are often found in layered 
triad: Chondrites followed by Phycosiphon followed by Zoophycos (Figure 3.11). These trace 
fossils are found only within Facies 2 and are always found in the same trio pattern.  
 Although less abundant than the deep-marine fossils, Planolites is also often found in 
Facies 2 and rarely in Facies 1 and 5 (Figure 3.12). Planolites is typically found in shallow-
marine, oxic environments and indicate a possible marine regression. 
The amount of bioturbation within these cores may be linked to the rate of deposition. 
During periods of slow deposition, organisms have more time to burrow and disturb the original 
bedding; In contrast, in times of rapid deposition, organisms have less time to disturb the 
sediments in place, thus preserving them. Due to changes in the rate of deposition and sea level 
fluctuations, Facies 1 and Facies 2 might be the same facies. Both facies look very similar under 
the microscope besides the disruption of lamination, meaning they were likely deposited in a 
similar manner. There could be many reasons as to why Facies 1 has no bioturbation and Facies 
2 does, including differences in rate of deposition, oxygen content, salinity content, residence 
time, water depth, and the water energy within an environment.  
 
3.7 Other Noteworthy Core Observations 
 The following observations were made from the three cores included in the study along 
with facies descriptions. These observations include secondary sedimentary structures, 





3.7.1  Secondary Sedimentary Structures 
Similar to the cyclic facies and trace fossils, the secondary sedimentary structures found 
in the three Dean cores also tend to occur again and again throughout the cores. Secondary 
sedimentary structures present in the study include many examples of soft sediment deformation, 
such as flame structures, fluid escape structures and load clasts. Carbonate nodules and carbonate 
debrites are also common in the Dean. 
Soft sediment deformation indicates consolidation through fluidization or liquefaction in 
addition to gravitational loading. Flame structures are recognized in core as upward pointing 
“flame-like” fingers of shale or mud that project into cleaner and/or sandier overlying sediments 
due to differing viscosity between sediment layers (Twiss and Moores, 1992)(Figure 3.13). The 
tips of the flame structures bend in the same direction as the downslope slippage of the overlying 
substrate. The flame structures can be seen facing opposite directions within the core and 
measure from 0.04 inch to 1 inch in height. Load clasts are typically found in conjunction with 
flame structures. While the flame fingers are injected upwards into overlying sands, the load 
clasts are round masses that descend downwards into the mud between the flame fingers. Fluid 
escape structures also fall under the soft sediment deformation category and are formed during or 
soon after deposition. Most of the fluid escape structures seen in the Dean are pillar-type 
structures. 
Carbonate nodules are common and conspicuous in Facies 1. They are characteristically 
flattened or oval shaped masses, 1 to 3 inches in diameter, and are parallel with bedding. The 
laminae in Facies 1 bend around the carbonate nodules creating soft sediment folds, suggesting 
that they were pre-compacted growths formed during the early diagenic stages. Carbonate 
debrites are also present within all three cores but are more prevalent in the Good 4 #1 core than 
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in the Well 1403 and Well 1508 cores. This could be because the Good 4 #1 is closest to the 
basin margin, thus more mass transport deposits (MTD) would reach the Good 4 #1 before the 
Well 1403 and Well 1508 (Shipp et al., 2001).  
 
3.7.2  Microfractures  
Microfractures are prevalent throughout the Dean in all facies but are especially 
numerous in Facies 1 and 2 (Figure 3.14). These microfractures are mostly found parallel to 
bedding. Some may be produced by production/extraction of the core, but others are clearly 
natural are as they are filled with calcite cement.  
The pervasiveness of microfractures also greatly enhances porosity and permeability 
when present and can be easily seen in core and thin sections. It is unknown if all of these 
microfractures are present in the subsurface or if they some only appear after the Dean 
Formation has been cored and brought to the surface. 
 
3.7.3  Oil Staining 
Oil staining was present in both the lower portion of the Dean in Well 1508 and Good 4 
#1. Although it is easy to see oil staining on the physical core, it is even easier to see under UV 
lights (Figure 3.15). 
 
3.7.4 Reactivity to Hydrochloric Acid 
Another important thing to note about the Dean is its reactivity to hydrochloric acid. 
Hydrochloric acid is used to test for the presence of carbonate minerals, such as calcite. 
Carbonate minerals will “fizz” from the release of carbon dioxide gas when put in contact with 
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hydrochloric acid. All cores, regardless of facies, reacted with the hydrochloric acid above a 
small carbonate cemented layer found in each core (Figure 3.16). Below this carbonate layer 
(located at a depth of 8743 feet in Well 1403, a depth of 8702.5 feet in Well 1508, and a depth of 
7986.7 feet in the Good 4 #1), none of the facies observed in the cores would react to the acid; 
On the other hand, above the carbonate layer, all facies would react with the acid until the top of 
the core. This change in calcite content above and below this carbonate layer can be seen in FE-
SEM images and thin sections and will be discussed in further detail in Chapter 5. Grain size and 





















        
Figure 3.1: Facies 1, Laminated argillaceous siltstone. The left image represents the cleaner end 
member of the facies with very thin clay laminae while the right image represents the more clay 
rich end member with thicker clay laminae.  
 
                              
Figure 3.2: Facies 2, Bioturbated argillaceous siltstone. This image represents the clean end 
member of this facies. 
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Figure 3.3: Compilation of core images of Facies 3, 4, 5, and 6. A) Massive/Microburrowed, 
argillaceous siltstone. B) Facies 4 and 5, clean siltstone and silty shale. Both facies are almost 
always found in sequence together. C) Facies 6, Wavy-laminated/rippled siltstone. This facies is 






             
Figure 3.4 Debrites found within Facies 1 in Good 4 #1 core. 
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Figure 3.5: Bouma’s sequence notes the ideal vertical succession of a turbidite deposit (modified 




Figure 3.6: Diagram illustrating the submarine canyon and submarine fan system distributing 
turbidite deposits deep into the basin. (Modified from Giradot, 1986). 
 
 
Figure 3.7: Depositional model of the laminated argillaceous siltstone facies. Silt from eolian 
dune fields on the emergent shelf was carried out in the basin either by seasonal winds and/or 
saline density interflows (modified from Handford 1981). 
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Figure 3.8: Event-bed facies in the Dean, Facies 4 and 5, clean siltstone and silty shale. There are 
many different transitions between Facies 4 and 5; some of the examples are pictured above.  
A) Transition between Facies 4 and 5 is made of banded mud and siltstone. B) Transition 
between Facies 4 and 5 is very gradational. C) Transition between Facies 4 and 5 is also very 
gradational. D) Transition between Facies 4 and 5 is more abrupt with a little mud coming into 




Figure 3.9: Good 4 #1 core photo with facies numbers labeled to indicate the facies variability of 
the Dean. Within the 10 feet shown in this photo, the Dean changes facies 42 times. The only 
facies not shown is Facies 6 as it is completely absent from this core. 
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Figure 3.10: Core facies composition map. Turbidite facies dominate Well 1403 while the most dominant facies in Good 4 #1 is 
Facies 1: Laminated argillaceous siltstone. Well 1508 was not included as ~32% of the core is missing due to sampling.
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Figure 3.11 Cyclic trio of deep-marine trace fossils: Chondrites, Phycosiphon and Zoophycos.  
          
Figure 3.12: Planolites in Well 1403. 
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Figure 3.13: Secondary sedimentary structures found within Dean cores. A) Large flame 
structure. B) Succession of small, faint flame structures. C) Flame structure. D) Pillar fluid 
escape structure extending into clean siltstone. E) Carbonate nodule surrounded by bent 
laminations. F) Pillar fluid escape structure penetrating downward from vague, laminated 
siltstone into deformed climbing-ripple cross-laminations. G) Soft sediment deformation; 
laminations might be bending over carbonate nodule beyond the cut section of core. H) 
Carbonate nodule inside Facies 1. 
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Figure 3.14: Examples of microfractures seen in Dean core and thin section. A) Microfractures that are mostly parallel to bedding at 
the bottom of the core sample but become more curved and wavy near the top of the sample. B) Rare vertical fracture filled with 
calcite cement. C) Wavy, parallel to bedding fractures. D) Microfractures seen in Facies 1 seen at 1mm scale. Porosity created by the 
microfractures is dyed blue due to the epoxy in the thin section. E) Microfractures seen in Facies 1 at 0.25mm scale. Again, porosity 
created by the microfractures is dyed blue due to the epoxy. At this small scale, the porosity is determined to be intergranular. 
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Figure 3.15: Oil staining in core seen in both regular (left image) and UV light (right image). Oil staining can be seen in the regular 
light as tan cores while the un-stained cores are grey. The oil staining is more obvious under UV light as cores with oil staining are 
fluorescent and un-stained cores are very dark in color.
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Figure 3.16: Carbonate layers found in each of the cores. Below the carbonate layer, facies do 




STRATIGRAPHY AND STRUCTURE 
4.1 Well Log Correlations 
Digital well logs for the Good 4 #1 were provided by the Apache Corporation while the 
Bureau of Economic Geology, Austin, TX provided raster logs for Well 1403 and Well 1508. 
Both digital and raster logs were pulled into IHS Petra software to pick and correlate 
formations/tops of all three wells. Shape files for the Texas county boundaries were obtained 
from the Texas Natural Resources Information System website. 
Picking good Dean Formation tops strictly looking at core is practically impossible due to 
the gradual changes in facies between the Wolfcamp and Spraberry formations in addition to 
some of the cores not including Wolfcamp or Spraberry rocks. Well logs are therefore absolutely 
necessary to pick these tops.  
Figure 4.1 represents the idealized type log for the Dean Formation compared to the 
Wolfcamp and Spraberry Formations from the Good 4 #1 well. Both gamma ray and resistivity 
logs are used to distinguish between the Dean and the surrounding Wolfcamp and Lower 
Spraberry formations. There is a decrease in the gamma ray log readings moving from the 
Wolfcamp into the Dean Formation. This is due to the fact that the Wolfcamp is a shale member 
while the Dean Formation is more of a siltstone and sandstone. The resistivity log is used to 
distinguish between the Lower Spraberry and the Dean formations, as there is not a clear 
difference between the two using solely the gamma ray. The Dean Formation also shows a 
decrease in resistivity compared to the Wolfcamp and Lower Spraberry formations; thus, the 
Dean Formation can be recognized in well logs by lower overall gamma ray and resistivity 
values. 
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This type log was used to correlate Well 1403, Well 1508 and the Good 4 #1 (Figure 4.2). 
The Dean Formation was split into the Upper and Lower Dean. The Upper Dean is the traditional 
top of the Dean Formation and the Lower Dean top was picked at the depth location of the 
carbonate cemented zones found in all three cores. Well 1403 and Well 1508 are deeper than the 
Good 4 #1 by almost 1000 feet. The Upper Dean is the thickest in Well 1508, followed by the 
Good 4 #1, and the thinnest in Well 1403. The same pattern follows for the Lower Dean. 
However, Well 1403 and Well 1508 do not have cores nor well logs that contain the top of the 
Wolfcamp. Therefore, tops for the Wolfcamp were inferred and marked with dashed lines. 
 
4.2 Vertical and Lateral Facies Variability 
 The Dean Formation has great vertical and lateral facies variability as can be seen in all 
three cores and their corresponding well logs. Looking at both the facies found in cores and the 
well logs, no concrete correlations can be made across the Dean Formation besides the carbonate 
layer that marks the top of the Lower Dean and the bottom of the Upper Dean.  
Correlating facies between wells is extremely difficult, if not impossible, as a 
consequence of the high percentage of turbidite and hybrid flow events found within the 
formation. As mentioned in Chapter 3, Dean Formation turbidites and hybrid flows were 
deposited within the Midland Basin after being transported through a system of submarine 
canyons and fans. These deposits are often extremely localized and do not extend within the 
whole of a basin. All three wells are located a considerable distance away from each other 
meaning that localized deposits will probably not span miles and will not be see elsewhere. This 
problem of localization is exacerbated by the fact that Well 1508 has a great deal of missing 
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core, making it hard to see if some of the facies would correlate better between closer wells, like 
Well 1403. 
 
4.3 Isopach of the Dean Formation 
 The Dean Formation is typically 100-250 feet thick and thickens toward the northern 
basin margin, where the major sediment sources were located, and thins toward all other basin 
margins (Figure 4.3). The formation of the Horseshoe Atoll greatly influences the shape and 
thickness of the Dean Formation as it traps Dean Formation sediments above it, creating thicker 
deposits, and strains the sediments below it, creating much thinner deposits. 
 The three cores in this study are located on the southern side of the Horseshoe Atoll. Well 
1403 the thinnest of the three cores and is the only one to lie within the 100-150 feet thick part of 






                    
 
Figure 4.1: Idealized digital type logs for the Midland Basin formations. The Dean Formation is highlighted and blown up in order to 
display it at a higher resolution. There is a decrease in Gamma Ray moving from the Wolfcamp Formation into the Dean Formation. 





Figure 4.2: Cross-section and corresponding well log correlation of the Well 1403, Well 1508, and Good 4 #1 wells. Stratigraphic 





Figure 4.3: Isopach map of the Dean Formation (modified from Hamlin & Baumgardner, 2012). 
Well 1403 is included in this isopach map. The thinning of the Dean Formation in Dawson and 
Gaines Counties reflects influence of the pre-Leonardian Horseshoe Atoll platform.  
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CHAPTER 5 
GEOCHEMICAL AND MINERALOGICAL ANALYSIS 
5.1 XRF and XRD Analyses  
 XRF (X-ray flourescence) and XRD (X-ray diffraction) analyses both provide important 
mineralogical and elemental data from core samples. X-ray diffraction is a mineralogical 
analyses that works by measuring unique peaks caused by the diffraction of x-rays bouncing off 
of a sample mineral surface. XRD analyses aids in the understanding of rock composition and 
clay differentiation. Weatherford Laboratories ran XRD whole rock mineralogy analysis on the 
Good 4 #1 core, provided by the Apache Corporation, and the Mineral Lab of Golden, Colorado 
ran XRD bulk mineralogy analysis on the Well 1508 core. 
X-ray fluorescence is a non-destructive analysis that works by interpreting the 
characteristic response of catalogued minerals that produce unique fluorescence patterns when 
interacting with x-rays. XRF analyses aid in differentiating between detrital vs. authigenic 
minerals, terrigenous input, paleoproductivity, and paleo-oxygen conditions. XRF analyses have 
been conducted on all three cored intervals (Good 4 #1, Well 1403, and Well 1508) at a 1ft scale 
using the handheld Bruker Tracer 5i XRF tool on dual mode.  
Table 5.1 illustrates the sample count for each analysis type for each corresponding core. 
 
5.2 XRF Analyses  
A number of elements detected with XRF analysis function as proxies for local 
depositional and environmental conditions during sedimentation including determining bottom 
water oxygen conditions, paleoproductivity, and terrigenous input. The principal elements used 
as proxies for this study are aluminum (Al), silicon (Si), titanium (Ti), zirconium (Zr), potassium 
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(K), calcium (Ca), strontium (Sr), magnesium (Mg), manganese (Mn), copper (Cu), nickel (Ni), 
molybdenum (Mo), uranium (U), vanadium (V), iron (Fe), and sulfur (S). 
 
5.2.1 Detrital Elements 
 Zircon (Zr), titanium (Ti), potassium (K), and aluminum (Al) are all indicators of 
terrigenous input, or terrestrially-derived sediments (Sageman & Lyons, 2009; O’Neal, 2015). 
Aluminum and titanium are among the strongest detrital or terrestrial indicators due to their 
relative diagenetic stability and dilution (Arthur & Dean, 1991; O’Neal, 2015). Both elements 
are only produced from continental settings; therefore, out in the deep Midland Basin, the only 
source of aluminum and titanium would be terrestrially derived. Aluminum is especially useful 
when plotted against other major or trace elements as it acts as a normalizer and can determine 
detrital influx (Tribovillard et al., 2006). Positive relationships with Al indicate that the 
corresponding element is detritally sourced while a negative relationship suggests that the other 
element is likely diagenic or authigenic. For example, a positive relationship of the ratio of Al/Si 
determines that the silica found in the core sediments is detrital and not biogenic in origin, as is 
the case with the Dean Formation. Similarly, plotting Ti against Zr or Al can determine the 
matter of sediment transport, whether that transport mechanism is eolian or gravity flows. In both 
cases, an increase in Ti indicates a wind-transported sediment as eolian grains are usually 
dominated by minerals that include Ti versus detrital clay minerals (Yarincik, 2000).  
 Potassium is associated with clay minerals and feldspar grains while zircons, made up 
primarily of zirconium, are diagnostically volcanic (in this case volcanic ash), all of which are 
terrestrial in origin (Tribovillard et al., 2006; O’Neal, 2015).  
 
 51
5.2.2 Carbonate Elements 
 Calcium (Ca), strontium (Sr), Magnesium (Mg) and manganese (Mn) are associated with 
carbonates and, as such, are used as carbonate process or diagenetic indicators. Calcium is the 
main component of the big three carbonate minerals (calcite, aragonite, and dolomite) whether 
they be in biogenic, authigenic, or matrix form. Ca is found in many shell fragments or ocean 
organism skeletons/tests. However, the Dean Formation does not have many of those items 
present as most of the bioturbation found in the Dean Formation cores were simply trace fossils. 
Strontium is found in the carbonate mineral aragonite and replaces Ca in orthorhombic carbonate 
minerals (O’Neal, 2015). Likewise, magnesium replaces calcium as the main element in 
dolomite. Cross-plotting Mg and Ca, or Sr and Ca, with a resulting positive relationship can act 
as a proxy for authigenic dolomite or aragonite formation.  
 Manganese acts a little differently from the other carbonate elements, as it is the principal 
element for the transference of trace metals from the water column into the surrounding 
sediments (Tribovillard et al., 2006). The occurrence of Mn-enriched sediments is dependent on 
the successful completion of multiple stages: 1) transportation and burial under oxic conditions, 
2) entrapment of Mn during the lithification process, and 3) reduction of Mn to Mn(II) through 
diagenesis and recrystallization.  
 
5.2.3. Paleoproductivity Elements 
 Ni, Cu, and Zn are commonly used as proxies for paleoproductivity, or intensity of 
organic matter produced in the water column and subsequently transported to the depositional 
site, due to their status as micronutrients and necessary for the survival of marine organisms 
(Tribovillard et al., 2006).  
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5.2.4. Redox-sensitive Elements 
It is crucial to understand the preservation and distribution of organic matter within a 
petroleum system, which is often dependent on the presence of oxygen within a system. Without 
oxygen, bacterial and microfaunal scavenging is impossible, therefore killing the chance of any 
organic matter forming. By utilizing Mo, U and V as elemental proxies, it is possible to evaluate 
the oxygen levels in bottom water conditions and possible organic matter preservation 
accordingly.  
Mo, U, and V indicate anoxic bottom water conditions. Molybdenum and vanadium 
precipitate out of solution under anoxic conditions in the water column while uranium is affected 
by reducing conditions in the sediment (Tribovillard et al., 2006)(Figure 5.1).  
Additionally, Cr can also be used as an oxygen-sensitive trace metal when it is 
authigenically-derived and has a negative relationship with Al. Pyrite is also an indicator of 
anoxoic to euxinic redox conditions and can be recognized by high Fe and S concentrations. 
 
5.2.5 Euxinia-proxy Elements 
Euxinic conditions occur when the dissolved oxygen content reaches extremely low 
values compared to the total volume of ocean water, resulting in a deadly, high concentration of 
hydrogen sulfide (H2S) (Meyer and Kump, 2008). Although this condition is still hotly debated, 
it is believed that enhanced concentrations of the Fe/Al ratio, S and Se (important components of 
pyrite) and enriched Mo act as euxenic indicators. Unfortunately Se was not tested for as a part 




5.3 XRF Interpretations  
 The following sections discuss the analyses and interpretations of the XRF data results 
for the Well 1403, Well 1508 and Good 4 #1 cores. 
 
5.3.1 Means of Interpreting XRF Results 
Plotting the changing concentration of elements against each other can illustrate the 
origin of sediment and paleoenvironment. R2 is the coefficient of determination and indicates a 
strong or weak correlation between the data points and the fitted regression line. A perfect 
positive correlation is R2 = 1. Strong correlations are closest to 1, or around 1-0.7. Moderate 
correlations are 0.69-0.30 and weak correlations are 0.29-0. Measures of weak correlations 
indicate that these plotted elements should not be used as proxies to infer paleoenvironment 
information.  
In addition to cross-plotting elements, three equations can also be used in correspondence 
with XRF data to estimate anoxia, terrigenous input and paleoproductivity. The following 
equations were created by the Apache Corporation Petrophysics team and were inspired by 
Tribovillard et al.’s, 2006 paper: 
1) Terrigenous Input = Nb ppm+ Zr ppm + Ti ppm + K ppm + Al ppm 
2) Paleoproductivity = Cu ppm + Ni ppm 
3) Anoxia = (Cr ppm/ Th ppm) + Mo ppm + (V ppm/ Al ppm) 
Equation 1 indicates terrigenous input of sediments found in the cores by adding together 
known detrital elements, Nb, Zr, Ti, K and Al. Equation 2 adds two trace metals, Cu and Ni, 
known for being associated with micronutrients in order to estimate paleoproductivity. And 
finally, Equation 3 expresses the likelihood of anoxia having occurred during the time of 
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deposition by adding Cr, Mo and V. Th and Al are used to normalize Cr and V. All three 
equations can be plotted against depth to illustrate the changing fluctuations between these 
elements. For all equations, the larger the resulting sum of the elements, the higher likelihood 
that terrigenous input, paleoproductivity, or anoxia occurred during deposition. Anoxia is 
displayed on a scale of 0-100 PPM for all three cores. However, it must be noted that Well 1403 
and Well 1508 are displayed on a scale of 0-8000 PPM for Terrigenous Input while Good 4 #1 is 
displayed on a scale of 0-600 PPM due to being unable to see any changes in the data at the 
much larger scale. In addition, Well 1403 is displayed at a much higher scale for 
paleoproductivity than the other two wells, 0-3500 PPM compared to 0-300 PPM for similar 
display-related issues. 
Both the elemental cross plots and equations have been used to infer paleodepositional 
information for all three cores and will be discussed in the following sections. 
 
5.3.2  Good 4 #1 XRF Results and Interpretations. 
In the Good 4 #1 core, terrestrial elements illustrate increasing trends in detrital minerals 
and decreasing trends in authigenic carbonate minerals (Figure 5.2). Al and Si have a strong 
positive trend indicating that the silica, or quartz minerals, within this core are likely detrital in 
nature. A strong positive correlation between K and Al shows that potassium feldspar has a 
detrital origin and that there is most likely not a high amount of plagioclase feldspar. Oppositely, 
Ca vs Al has a moderate negative trend indicating that the calcite found within this core is likely 
to be authigenic instead of detrital. On a similar note, Ca and Sr show a weak positive trend 
meaning that aragonite enrichment did not occur in large amounts if present at all. Figure 5.3 
indicates that there is an increasing calcite content moving up through this core as well as a 
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corresponding decreasing silica trend. Comparing Al and Ti’s strong positive correlation indicate 
that most of the minerals found in the core are transported to the depositional site by wind 
instead of gravity flows. This analysis makes sense as the Good 4 #1 core is heavily dominated 
by Facies 1 and 2 compared to the turbidite Facies 4 and 5. 
Elements were also plotted to understand the paleoproductivity and bottom water oxygen 
conditions (Figure 5.4). Organophyllic elements Cu, Ni, and Zn all have very weak correlations 
with S; this indicates that they have similar depositional trends but were deposited under 
different oxygen conditions and have been authigenically enriched. Plotting Fe against Al and Zr 
indicate that Fe was likely authigenically enriched and indicates a presence of pyrite which is 
prevalent in all thin section and FE-SEM samples; however, because of the weak correlations 
between these elements they cannot be used as proxies for euxinia. Similarly, Al vs. Cr, and S 
plotted against Mo, V and U all have weak correlations and reflect that there is pyrite present but 
that they cannot be used as proxies for euxinia (Figure 5.5). A weak positive relationship 
between S and Fe cannot be used as an indicator of pyrite formation. V and Mo show a moderate 
positive correlation indicating anoxic redox conditions and possible authigenic enrichment of 
both minerals. 
Using the three aforementioned equations in 5.2.6, terrigenous input, paleoproductivity 
and anoxia were plotted against depth to determine the likelihood of these three processes 
occurring (Figure 5.6). As mentioned before in section 5.2.6., Good 4 #1 has a much smaller 
terrigenous input reading than Well 1508 and Well 1403; so much so in fact, that it had to be 
displayed at a considerably smaller scale entirely or all changes in data fluctuations would have 
been obscured in the figure. Well 1403 and Well 1508 work at a scale of 0-8000 PPM, over 13 
times greater than Good 4 #1 values that only reach values of 0-600 PPM. This disparity is 
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evident in respect to facies distribution differences between the three cores; Good 4 #1 is 
dominated by Facies 1 (Laminated argillaceous siltstone) and Well 1403 and Well 1508 are 
dominated by turbidite Facies 4 and 5, (clean siltstone and silty-shale) which are typically 
“sandier” than Facies 1. Spikes seen in the Terrigenous Input data correspond to depths with 
thick or thin turbidite facies along with a slight decrease in terrigenous content moving upwards 
through the core. Good 4 #1 shows low to moderate instances of paleoproductivity throughout 
the core. There are occasional high spikes but they do not necessarily correspond with Facies 2 
(Bioturbated argillaceous siltstone) as expected. Overall, Good 4 #1 has the highest possible 
occurrence of anoxia out of all three cores. The likelihood of anoxia occurring typically stays 
below the 50 PPM mark on the scale but does show some higher overall spikes at the bottom of 
the core moving into the Wolfcamp as well as some higher average spikes close to the top of the 
core moving into the overlying Spraberry.  
 
5.3.3 Well 1403 XRF Results and Interpretations 
 In the Well 1403 core, terrestrial elements also show positive detrital trends and negative 
authigenic carbonate trends (Figure 5.7). Al vs Si and K vs Al both have moderate to high 
positive relationships indicating that silica and potassium feldspar are detrital in nature. The 
weak relationships between Ca and Al along with Ca and Sr indicate that these elements cannot 
be used as proxies for authigenic calcite and aragonite formation. However, the overall very low 
PPM values for Sr do indicate a low presence of the formation of aragonite. Like the Good 4 #1 
core, Well 1403 shows an increasing trend in calcite content and decreasing silica content trend 
moving up through the core (Figure 5.8). Additionally, Ti and Al have a strong positive 
relationship reflecting the eolian nature of the sediments. 
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 The productivity and redox sensitive elements and trace metals reflect similar results to 
that of the Good 4 #1 data. Weak negative correlations between the organophyillic elements and 
S along with weak correlations between Fe and Zn and Al demonstrating that these elements 
should not be used as proxies for productivity or euxinia (Figure 5.9). S compared to Mo, V and 
U show weak correlation and also should not be used as redox proxies (Figure 5.10). However, 
Al and Cr as well as S and Fe have moderate positive relationships and do indicate anoxic redox 
conditions. 
 Moving on into the equation approximations for anoxia, paleoproductivity and 
terrigenous input, Well 1403 looks very different than the Good 4 #1 and Well 1508 cores 
(Figure 5.11). The first major difference is the amount of terrigenous input. Comparatively, Well 
1403 has much more terrigenous input than Good 4 #1 as it is displayed on a scale of 0-8000 
PPM instead of 0-600 PPM. Well 1403 also shows a significant decrease in the overall 
terrigenous sediment present moving upwards through the core. The origin of this decrease 
seems to start after the carbonate layer found at a depth of 8702.5 feet and only returns to higher 
terrigenous input spikes as the core begins to transition up into the Spraberry and the rare Facies 
6 appears. Well 1403 also has a diverging paleoproductivity pattern. Only Well 1403 is displayed 
at a larger scale of 0-3500 PPM compared to the smaller scale of 0-300 for Well 1508 and Good 
4 #1. Whereas most of the core follows similar patterns and stays below the 300 PPM mark, the 
top quarter of the core greatly increases in paleoproductivity, mostly due to a massive increase in 
Ni content in the same area. Furthermore, Well 1403 has the lowest overall anoxia reading, 




5.3.4 Well 1508 XRF Results and Interpretations 
Well 1508 has very similar XRF data to Well 1403. Again, silica and potassium feldspar 
from this core are detrital in nature due to a moderate positive correlation between Al and Si as 
well as a strong positive correlation between K and Al (Figure 5.12). Ca is authigenic due to a 
negative relationship between Ca and Al and there was most likely little to no aragonite formed 
due to a positive relationship between Ca and Sr. Likewise, Well 1508 shows an increase in 
calcite content as you move upwards through the core and a decreasing silica content (Figure 
5.13). Ti vs Al also indicate windblown sediments according to a strong positive relationship. 
Organophyillic elements Cu, Ni and Zn all have extremely weak correlations with S and 
therefore should not be used as proxies for paleoproductivity, same as in Good 4 #1 and Well 
1403 (Figure 5.14). Moreover, weak relationships between Fe vs Al, Fe vs. Zr, and S vs. Mo, V, 
and U also render these elements unable to act as proxies for euxinia but indicate the presence of 
pyrite (Figure 5.15). Unlike the other two cores, Well 1508 data indicates a moderate positive 
relationship between Mo and V, S and Fe, as well as between Al and Cr, all three of which work 
as good proxies for depositional anoxic redox conditions. 
Equally important to interpretations are the equation estimates (Figure 5.16). As almost a 
third of the Well 1508 is missing, it must be noted that spikes occurring where core is missing 
should be ignored as they are not actually displaying real data, thus, they are blanked out within 
the figures. In the same way as Good 4 #1, Well 1508 also slightly decreases overall terrigenous 
input moving upwards through the core but is displayed at the much larger scale along with Well 
1403. In this way, Well 1508 and Well 1403 are more similar in regards to terrigenous content 
than Good 4 #1. Paleoproductivity is a different story. Paleoproductivity is also set at the smaller 
scale with Good 4 #1 and is more analogous to its trends than Well 1403 with its huge increase 
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in Ni content at the top of the core. In addition, Well 1508 has overall lower values of anoxia 
with a few higher spikes at the bottom of the core.  
 
5.4 XRD Analysis 
 The following sections discuss the analyses and interpretations of the XRD data results 
for the Well 1508 and Good 4 #1 cores. XRD analyses for the Good 4 #1 was conducted by 
Weatherford Laboratories while the XRD analysis for the Well 1508 was conducted by the 
Mineral Lab in Golden, Colorado. 
 
5.4.1 XRD Analysis by Facies 
 XRD analysis results have been used to understand facies mineralogical characteristics of 
the Dean Formation. A ternary plot easily describes the quartz, carbonate and clay content of 
facies found in the Good 4 #1 and Well 1508 core samples (Figure 5.17). Carbonate minerals 
included in this analysis are calcite, dolomite, and aragonite. Clays identified in this analysis are 
mica and illite. In general, facies from both cores plotted similarly on the ternary plot.  
Facies 1 (Laminated argillaceous siltstone) exhibited lower percentages of carbonate 
(3.8-43.2%) and clay minerals (16.2-45.5%) and higher amount of quartz (40.4-59.4%). 
However, this facies did tend to have a larger range in calcite percentages than most of the other 
facies, besides Facies 3. Samples taken from portions of the core that had thicker clay 
laminations tended to have higher clay mineral percentages than samples taken from portions 
with thinner clay laminations, as is expected. 
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Facies 2 (Bioturbated argillaceous siltstone) contained very low percentages of calcite 
(5.7-12.2%), medium percentages of clays (31.3-33.8%) and high percentages of quartz (54.1-
63%). Only one sample from each core was taken of this facies. 
Facies 3 (Massive/microburrowed argillaceous siltstone) had the largest diversity of 
mineralogical content out of all of the facies. No Facies 3 XRD samples were taken from Well 
1508, only from Good 4 #1. Three clusters occurred within this facies: 1) a high carbonate 
content cluster, 2) a medium calcite content cluster and 3) a much smaller low calcite content 
cluster.  The first cluster has the highest calcite percentage (69-87%) with very low percentages 
of both quartz (4.9-22.3%) and clays (4.5-20.9%). This high calcite content is most likely due to 
these samples being taken in carbonate debrites that occur within Facies 4 in the Good 4 #1 core. 
These carbonate debrites are not as common in Well 1403 or Well 1508. The second cluster has 
all medium percentages of quartz (26.1-41%), carbonate (27.7-43.4%), and clays (23.8-37.1%). 
The third cluster has high percentage of quartz (54.1-51.7%), medium percentage of clays (36.1-
41.3%), and very low percentages of carbonate (4.6-12.2%). It must be noted that this facies has 
the highest number of samples taken for any facies. 
Facies 4 (Clean siltstone) has the second largest sample count but most of its samples are 
from Good 4 #1. This facies has one main cluster with one outlier with unusually high carbonate 
content (48%). Not including the outlier, this facies has a higher percentage of quartz (41.2-
73.2%), a low percentage of carbonate (7-25.7%) and low to medium percentages of clays (7-
39.5%). 
Facies 5 (Silty-shale) includes high percentages of quartz (47.5-55%) and clays (34.8-
50.3) with very low percentages of carbonate (2.2-13.7%). Only three samples of this facies were 
taken in total. 
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As this XRD analyses only includes core from Good 4 #1 and Well 1508, samples from 
Facies 6 (Wavy-laminated/rippled siltstone) are not included in this study. 
 
5.4.2 XRD Analysis Comparison of the Upper and Lower Dean 
 As mentioned before in chapters 3 and 4, the Dean Formation can be split up into a 
Lower and Upper section due to many factors: reactivity to hydrochloric acid, oil staining, 
possible carbonate seal present in all three cores, etc. In the case of XRD analysis, the Lower and 
Upper Dean can be split up by differences in mineralogical content. Table 5.2 illustrates these 
mineralogical differences in the Good 4 #1 core. 
 The Upper Dean overall has a higher abundance in volume percent of carbonate minerals 
(calcite, dolomite and aragonite) with lower amount of quartz, total clays, and kerogen. On the 
other hand, the Lower Dean is the exact opposite; it has higher abundance by volume percent of 
quartz, total clays and kerogen with a much lower abundance of the carbonate minerals. 
Ultimately the Upper Dean has over double the amount of calcite and dolomite and over triple 
the amount of aragonite than the Lower Dean making a vast difference in carbonate content 
overall. In addition, the Upper Dean has 75% the amount of quartz of the Lower Dean as well as 
half the kerogen and roughly 70% of total clays. Although both carbonate and clays are known to 
plug porosity and permeability within reservoirs, clays can also hold more organic matter and 
thus more kerogen, which is important for hydrocarbon presence, within them. This comparison 
shows that although the Upper and Lower Dean may look similar to each other in terms of facies, 




5.5 Petrographic Analyses 
 Thin sections are fundamental to the petrographic understanding of rocks and are useful 
in identifying texture and composition, sediment origin, diagenetic features, pore character and 
reservoir quality. FE-SEM only enhances what one learns from thin section analysis by being 
able to examine samples at an even smaller scale. Through this higher magnification, clay 
minerals can be characterized as well as seeing pores that might not be visible through 
microscope.  
Thin sections were made from 26 Good 4 #1 samples and 12 Well 1508 samples. 
Weatherford Laboratories made all thin sections and were stained for carbonate (alizarin red) and 
impregnated with blue epoxy in order to see porosity and calcite in samples. A petrographic 
microscope and FE-SEM machine located at the Colorado School of Mines were used to view 
and take pictures of samples. 
 
5.5.1 Occurrence of Detrital Minerals 
 Facies 1 (Laminated argillaceous siltstone) is composed of alternating silt and clay 
laminae. The silt laminae are made up of sediment that is texturally and mineralogically 
immature, with silt sized to very fine-sand sized subangular to angular quartz, feldspar, and 
biotite grains (Figure 5.18). The clay laminae are not as horizontal in thin section as they appear 
in core and tend to fill in between the silt grains. The non-parallel nature of these clays may 
indicate that they were deposited in a highly flocculated condition or were compacted after 
deposition. Although these clays were not identifiable at the thin section level, they were 
identifiable in FE-SEM as illite and muscovite, agreeing with the XRD analysis from Well 1508 
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(Figures 5.19 and 5.20). Pyrite is also abundant in this facies and can be seen at both FE-SEM 
and thin section scales. 
 Facies 2 (Bioturbated argillaceous siltstone) is texturally and mineralogically mature 
with well-sorted, subangular to rounded, silt-sized quartz, feldspar, and biotite grains (Figure 
5.21). Break up clasts and clay lenses due to bioturbation and burrowing are present within all 
samples. Pyrite is also abundant in this facies and can be seen at both FE-SEM and thin section 
scales. Occasional chlorite is present as well. 
 Facies 3 (Massive/microburrowed argillaceous siltstone) is texturally and 
mineralogically immature and clay-rich due to a clay matrix, with poorly-sorted, angular to 
subangular quartz, feldspar, and biotite grains (Figure 5.22). There is structural organization in 
these samples and large quartz and biotite grains are present along with framboidal pyrite. 
 Facies 4 (Clean siltstone) is composed of parallel-laminated, cross-laminated, and 
massive siltstone intervals that are characteristic of the Ta, Tb, and Tc units of the Bouma 
sequence (Figure 5.23). This facies is texturally and mineralogically mature and is clean, well 
sorted, silt to fine-sand sized grains. The main detrital constituents seen in this facies are quartz 
and plagioclase with small amount of potassium feldspar present in certain samples. Framboidal 
pyrite is once again present in all samples. 
 Facies 5 (Silty-shale) is characteristic of the Td and Te units of the Bouma sequence 
(Figure 5.24). This facies is texturally and mineralogically mature, clay-rich, well-sorted, silt-
sized quartz and feldspar grains. Clay is most abundant in Facies 5 compared to all other facies. 
The clay is found in between grains throughout samples as well as in clay lenses and break up 
clasts. Framboidal pyrite is present in all samples. 
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 As Well 1403 was not sampled for thin section there is no current description of Facies 6 
(Wavy-laminated/rippled siltstone). 
 
5.5.2 Occurrence of Authigenic Minerals or Diagenetic Processes 
 Diagenesis refers to the post-depositional changes that occur which alter the texture and 
mineralogy of a rock or sediment (Figure 5.25). These changes are typically in response to a 
change in physical or chemical condition due to the impact of burial and lithification. Possible 
diagenetic processes include cementation, compaction, dissolution of grains, creation of matrix 
and/or cement, replacement and recrystallization of grains. 
 
5.5.2.1  Pyrite 
Pyrite is present in all of the studied thin section and FE-SEM samples. It is easily identified due  
to its characteristic trait of opaqueness under reflected light along with its framboidal aggregate 
and cubic crystal forms (Figures 5.26). Framboidal pyrite occurs during diagenesis in reducing 
environments. 
 
5.5.2.2. Quartz  
 Authigenic quartz in these samples typically occurs as microquartz cement and 
overgrowths that tend to occlude porosity and permeability when present (Figure 5.27). These 
quartz overgrowths and micrite were precipitated from pore fluids enriched in silica. It should be 
noted that although quartz overgrowths and microquartz cement are copious in these samples, 
they are not a main cause in reducing porosity and permeability.   
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5.5.2.3  Calcite 
 High percentages of authigenic calcite and sparry calcite cement are the main causes of 
porosity occlusion and the reduction of permeability in these samples (Figure 5.28). Almost all 
of the calcite present in these samples is iron-free, indicated by it staining pink/red due to the 
alizarin used in the creation of the thin sections. Potassium and plagioclase feldspar grains are 
also replaced by authigenic calcite. 
 
5.4.5.4.  Dolomite 
 Authigenic dolomite is present in a few of the samples, with ferroan dolomite occurring 
infrequently (Figure 5.29). It is found either in intergranular pore space, as sparry cement, or as a 






Table 5.1: Sample count for XRD and XRF analyses for all cores. All cores have had XRF 
analyses run but only Well 1508 and Good 4 #1 have had XRD analyses run. 
 
Sample Count 
Core XRF XRD 
Well 1403 184 0 
Well 1508 186 6 
Good 4 #1 401 40 
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Figure 5.1: Figure explaining why the elements Mo, U, and V can be used as proxies for euxinia. (Tribovillard et al., 2006).
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Figure 5.2: Good 4 #1 cross plots of detrital and authigenic elements. A) Al vs. Si cross-plot with 
strong positive trend indicating silica is detrital in nature B) K vs. Al cross-plot with strong 
positive correlation indicating potassium feldspar in core is detrital. C) Ca vs. Al cross-plot has a 
moderate negative relationship and inidates that the calcite within the core is mostly authigenic 
instead of detrital. D) Ca vs. Sr cross-plot has a weak positive trend and indicates that there was 
not a high concentration of aragonite formed within the core. E) Al vs Ti shows a strong positive 
relationship indicating that the sediments were depositionally eolian. 
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Figure 5.3: Figure illustrating the chance in terrestrial and carbonate elements compared to the facies found in the Good 4 #1 core.
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Figure 5.4: Good 4 #1 cross plots of elements that act as proxies for productivity and redox 
conditions. A) Cu vs S cross-plot shows a weak negative relationship and cannot be used as a 
proxy for productivity. B) Ni vs, S cross-plot indicates a weak positive relationship and cannot 
be used as a proxy for productivity. C) Zn vs. S shows a weak negative relationship and therefore 
cannot be used as a proxy for productivity. D) Fe vs. Al reflects a weak positive correlation and 
therefore cannot be used as a proxy for redox conditions, although it does indicate that there is 
pyrite present. E) Fe vs. Zr  shows a weak negative correlation and therefore cannot be used as a 
proxy for redox conditions, although it does indicate that there is pyrite present. 
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Figure 5.5: Good 4 #1 cross plots of redox sensitive elements. A) Al vs. Cr cross-plot has a weak 
positive relationship and cannot be used as a proxy for redox conditions. B) Mo vs. S cross-plot 
has a weak positive relationship and cannot be used as a proxy for redox conditions. C) Mo vs. V 
cross-plot has a moderate positive relationship indicating possible redox conditions as well as 
possible authigenic enrichment of both minerals. D) V vs. S cross-plot has a weak negative 
correlation and thus should not be used as a proxy for redox conditions. E) U vs. S cross-plot 
shows a weak negative relationship and cannot be used as a proxy for redox conditions. F) S vs 
Fe cross-plot shows a weak positive relationship, thus cannot be used as a proxy for pyrite 
formation. 
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Figure 5.6: Equations for anoxia, paleoproductivity and terrigenous input plotted against the 
depth and facies for the Good 4 #1 well. Facies follow common facies coloring scheme. 
According to the terrigenous input equation, Good 4 #1 has a significantly less amount of 
terrigenous input compared to the Well 1403 and Well 1508 cores. 
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Figure 5.7: Well 1403 cross plots of detrital and authigenic elements. A) Al vs. Si cross-plot with 
moderate positive trend indicating silica is detrital in nature B) K vs. Al cross-plot with strong 
positive correlation indicating potassium feldspar in core is detrital. C) Ca vs. Al cross-plot has a 
weak negative relationship signaling that these elements cannot be used to determine if the 
calcite in this core is detrital or authigenic. D) Ca vs. Sr cross-plot has a weak positive trend and 
indicates that there was not a high concentration of aragonite formed within the core. E) Al vs Ti 
shows a strong positive relationship indicating that the sediments were depositionally eolian. 
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Figure 5.8: Figure illustrating the chance in terrestrial and carbonate elements compared to the facies found in the Well 1403 core.
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Figure 5.9: Well 1403 cross plots of elements that act as proxies for productivity and redox 
conditions. A) Cu vs S cross-plot shows a weak negative relationship and cannot be used as a 
proxy for productivity. B) Ni vs, S cross-plot indicates a weak neative relationship and cannot be 
used as a proxy for productivity. C) Zn vs. S shows a weak negative relationship and therefore 
cannot be used as a proxy for productivity. D) Fe vs. Al reflects a weak positive correlation and 
therefore cannot be used as a proxy for redox conditions, although it does indicate that there is 
pyrite present. E) Fe vs. Zr shows a weak positive correlation and therefore cannot be used as a 
proxy for redox conditions, although it does indicate that there is pyrite present. 
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Figure 5.10: Well 1403 cross-plots of redox sensitive elements. A) Al vs. Cr cross-plot has a 
moderate positive relationship and indicates that samples were deposited under redox conditions. 
B) Mo vs. S cross-plot has a weak positive relationship and cannot be used as a proxy for redox 
conditions. C) Mo vs. V cross-plot has a weak positive relationship, indicating that these 
elements cannot be used as proxies for redox conditions; however, it does show that there is 
possible authigenic enrichment of both minerals. D) V vs. S cross-plot has a weak negative 
correlation and thus should not be used as a proxy for redox conditions. E) U vs. S cross-plot 
shows a weak negative relationship and cannot be used as a proxy for redox conditions. F) S vs 
Fe cross-plot shows a moderate positive relationship, indicating pyrite formation. 
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Figure 5.11: Equations for anoxia, paleoproductivity and terrigenous input plotted against the 
depth and facies for Well 1403. Facies follow common facies coloring scheme. According to the 
paleoproductivity input equation, Well 1403 has a significantly larger amount of 
paleoproductivity occurring although it is mostly constrained to the top of the Dean due to very 
high Ni content. 
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Figure 5.12: Well 1508 cross plots of detrital and authigenic elements. A) Al vs. Si cross-plot 
with moderate positive trend indicating silica is detrital in nature B) K vs. Al cross-plot with 
strong positive correlation indicating potassium feldspar in core is detrital. C) Ca vs. Al cross-
plot has a weak negative relationship signaling that these elements can not be used to determine 
if the calcite in this core is detrital or authigenic. D) Ca vs. Sr cross-plot has a weak positive 
trend and indicates that there was not a high concentration of aragonite formed within the core. 
E) Al vs Ti shows a strong positive relationship indicating that the sediments were depositionally 
eolian. 
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Figure 5.13: Figure illustrating the chance in terrestrial and carbonate elements compared to the facies found in the Well 1508 core.
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Figure 5.14: Well 1508 cross plots of elements that act as proxies for productivity and redox 
conditions. A) Cu vs S cross-plot shows a weak positive relationship and cannot be used as a 
proxy for productivity. B) Ni vs, S cross-plot indicates a weak negative relationship and cannot 
be used as a proxy for productivity. C) Zn vs. S shows a weak negative relationship and therefore 
cannot be used as a proxy for productivity. D) Fe vs. Al reflects a weak positive correlation and 
therefore cannot be used as a proxy for redox conditions, although it does indicate that there is 
pyrite present. E) Fe vs. Zr shows a weak negative correlation and therefore cannot be used as a 
proxy for redox conditions, although it does indicate that there is pyrite present. 
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Figure 5.15: Well 1508 cross-plots of redox sensitive elements. A) Al vs. Cr cross-plot has a 
moderate positive relationship and indicates that samples were deposited under redox conditions. 
B) Mo vs. S cross-plot has a weak positive relationship and cannot be used as a proxy for redox 
conditions. C) Mo vs. V cross-plot has a moderate positive relationship, indicating that these 
elements were deposited under redox conditions and there is possible authigenic enrichment of 
both minerals. D) V vs. S cross-plot has a weak positive correlation and thus should not be used 
as a proxy for redox conditions. E) U vs. S cross-plot shows a weak negative relationship and 
cannot be used as a proxy for redox conditions. F) S vs. Fe cross-plot shows a positive moderate 
correlation and indicates that pyrite is forming. 
 81
    
 
Figure 5.16: Equations for anoxia, paleoproductivity and terrigenous input plotted against the 
depth and facies for Well 1508. Facies follow common facies coloring scheme. Due to a 
significant amount of missing core in the middle of the core, it is difficult to make comparisons 
to Good 4 #1 and Well 1403 in that area.  
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Figure 5.17: Ternary plot of XRD analyses denoting the quartz, clay, and carbonate content for 
Good 4 #1 and Well 1508 cores. Facies are color coded according to the legend and samples are 
noted as either squares for Well 1508 samples or circles for Good 4 #1 samples. As seen above, 




Table 5.2: Table of minerals determined by XRD analysis in the Upper and Lower Dean of the 
Good 4 #1 core by abundance in volume percent. The Lower Dean has a higher percentage of 
quartz and lower percentage of carbonate minerals (calcite, dolomite, and aragonite). The Lower 
Dean also has higher percentages of kerogen and total clay. Contrastingly, the Upper Dean has 
higher percentages of carbonate minerals and lower percentages of quartz, kerogen and total 
clays. 
 
 Quartz Calcite 
 
Dolomite Aragonite Kerogen Total Clay 
Upper Dean 31.028 24.168 12.396 1.024 2.204 17.184
Lower Dean 40.087 9.7533 5.3733 0.28 4.1933 25.2
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Figure 5.18: Thin section of Facies 1, laminated argillaceous siltstone. Porosity from 
microfractures stained blue from epoxy. A) Sample taken from Well 1508 at a depth of 8589.5 
feet. B) Sample taken from Well 1508 at a depth of 8586.5 feet. 
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Figure 5.19: FE-SEM image of book-like, ductile muscovite. Sample taken from Well 1508 at a 




Figure 5.20: FE-SEM images of illite. A) Wispy, pore-filling illite. B) Mat-like illite covering. 
Sample taken from Well 1508 at a depth of 8739 feet. 
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Figure 5.21: Thin section of Facies 2, bioturbated argillaceous siltstone. Intergranular and 
microfracture porosity stained blue from epoxy. A) Burrowed clay lenses. Sample taken from 
Well 1508 at a depth of 8574.5 feet. B) Breakup clasts. Sample taken from Well 1508 at a depth 
of 8574.5 feet. 
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Figure 5.22: Thin section of Facies 3, massive/microburrowed, argillaceous siltstone. A) Poorly-
sorted, angular grains in a clay matrix. Large quartz grains present. Sample taken from Good 4 
#1 at a depth of 7965.65 feet. B) Poorly-sorted, angular grains in a clay matrix; many pyrite 
framboids present. Sample taken from Good 4 #1 at a depth of 8059.35 feet. 
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Figure 5.23: Thin section of Facies 4, clean siltstone. Both samples taken from more laminated 
portion of the Bouma sequence, Tb. Porosity from microfractures stained blue from epoxy. A) 
Sample taken from Well 1508 at a depth of 8577.5 feet. B) Sample taken from Well 1508 at a 
depth of 8577.5feet . 
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Figure 5.24: Thin section of Facies 5, silty shale. Porosity from microfractures stained blue from 
epoxy. A) Large clay lenses and clay matrix. Sample taken from Well 1508 at a depth of 8749.5 
feet. B) Large microfractures composes almost all of the porosity found in Facies 5. Sample 
taken from Well 1508 at a depth of 8605.5 feet. 
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Figure 5.25: Diagram from Hajikazemi et al., 2010 that explains the paragenetic sequence of 
diagenesis affecting rocks found within a hydrocarbon producing basin. Micritization, 
framboidal and euhedral pyrite formation, fractures, dissolution, dolomitization, and 
recrystallization all occur within the Dean Formation. Features found within the Dean Formation 
samples are marked with a checkmark.  
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Figure 5.26: A) Thin section image of framboidal pyrites (black specs). Sample taken from Well 
1508 at a depth of 8696.5 feet. B) FE-SEM image of framboidal pyrite aggregates and cubic 
crystals of pyrite. Sample taken from Well 1508 at a depth of 8586.5 feet. 
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Figure 5.27: Thin section images of microquartz cement occluding porosity from microfractures. A) Sample from Well 1508 at a 
depth of 8605.5 feet, plane light. B) Same sample as A but in polarized light. C) Sample from Well 1508 at a depth of 8696.5 feet in 
plane light.
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Figure 5.28: Thin section of stained pink calcite cement completely occluding all porosity. 
Sample taken from Well 1508 at a depth of 8702 feet. 
            
Figure 5.29: Thin section of stained dark blue/purple authigenic ferroan dolomite. Sample taken 
from Well 1508 at a depth of 8752 feet. 
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CHAPTER 6 
PETROPHYSICAL ANALYSIS OF THE GOOD 4 #1 
 
 Petrophysics can be used to identify and quantify hydrocarbon resources in the 
subsurface in addition to identifying reservoir rock properties. All log data and subsequent 
calculations for the Good 4 #1 well were provided by the Apache Corporation in the form of 
LAS files. Well logs were then pulled into IHS Petra software to correlate with the other two 
wells and into Schlumberger Techlog software to display them.  
Multiple log data and subsequent calculations were used for this study including but not 
limited to: gamma ray, resistivity logs, density logs, porosity logs, TOC, saturation, sonic logs, 
mineralogy, mud logs, Poisson’s Ratio, Young’s Modulus, fracture characteristics, and borehole 
behavior. 
 
6.1 Basic Petrophysical Analysis 
 LAS files containing the log data were downloaded from the Apache Corporation. All 
logs were already depth shifted to match the core data. The Apache Corporation also already 
picked tops for the Spraberry, Dean, and Wolfcamp Formations for this well. 
 Gamma ray (GR) helps determine lithology within a well by using the proportions, or 
lack thereof, of the radioactive elements potassium, thorium, and uranium found within the rocks 
(Asquith and Krygowski, 2004). Lower gamma ray readings indicate cleaner sands and higher 
readings are indicative of shales. Gross lithology of a well can also be determined from other 
routine wireline logs, like density and neutron. 
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Many varieties of logs are useful in determining porosity. Bulk density logs (RHOB) 
record the formations bulk density, which is a function of the minerals forming the rock and fluid 
enclosed in the pore spaces.  DRHO (corrected bulk density) is simply a corrected RHOB curve 
and indicates how much correction has been done in order to make up for borehole effects, like 
mudcake thickness, and acts as a quality-control indicator (Asquith and Krygowski, 2004). 
Neutrons logs measure the hydrogen concentration in a formation and also act as a porosity log 
(NPHI). Because hydrogen is concentrated in the fluid-filled pores of a porous formation, energy 
loss can be related to the porosity of a formation (Asquith and Krygowski, 2004). A decrease in 
NPHI coupled with a cross-over of an increasing RHOB can indicated the presence of gas due to 
there being a lower concentration of hydrogen in gas than in oil or water and is dubbed the “gas 
effect”. 
Resistivity logs are often used to determine hydrocarbon-bearing versus water-bearing 
zones (Asquith and Krygowski, 2004). As water is highly conductive of electricity, it also has 
low resistivity; Thus, a formation showing high resistivity is more likely to have pores filled with 
hydrocarbons versus water. Likewise, calculated saturation logs determine the fraction of the 
formation pore volume occupied by a specified fluid, like gas, oil, or water. Water saturation, or 
Sw, is determined by the Archie equation. The higher the water saturation, the lower the 
hydrocarbon saturation and vice versa. Free gas, oil, or water in place can all be calculated using 
volumetric equations. Bulk volume water (BVW) and flushed zone water saturation (SXO) 
determine whether a formation is at irreducible water saturation, meaning that the formation has 
reached its maximum water saturation at a specific porosity and permeability without producing 
water (Asquith and Krygowski, 2004). If BVW and SXO remain constant, the zone is at 
irreducible water saturation. 
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A sonic log measures interval travel time of a compressional sound wave traveling 
through the formation along the axis of the borehole. Interval travel time is dependent upon the 
lithology and porosity of a rock. Increased travel time indicates the presence of hydrocarbons, 
otherwise known as the “hydrocarbon effect”. Sonic logs can also be used as a porosity log. 
Mud logs are useful for detecting gasses in the borehole. Often total gasses found are 
displayed as well as the subsequent gas types (NC5 (normal pentane), NC4 (normal butane), IC5 
(iso-pentane), IC4 (Iso-butane), C1 (methane), C2 (ethane), and C3 (propane)) on a gas 
chromatograph or alongside well logs. 
 
6.2 Geomechanical and Borehole Analysis 
 Poisson’s Ratio and Young’s Modulus are two of the most important and widely used 
parameters to determine a rock’s mechanical behavior and thus their potential reservoir and 
completion quality. While Poisson’s Ratio expresses the behavior of a rock perpendicular to 
strain, Young’s Modulus expresses it parallel to strain (Hucka and Das, 1974; Bai, 2016). 
Understanding a rock’s mechanical properties is imperative in predicting a formation’s response 
to hydraulic fracturing. Formations with lower Poisson’s Ratio are able to withstand greater force 
without serious deformation. Rocks with higher clay content are more ductile and can compress 
easier resulting in reduced porosity. Rocks with higher detrital quartz, for example, have a better 
chance of retaining their porosity are they are not as easily “squished”.  
The brittleness of a rock can be calculated by dividing Young’s Modulus by Poisson’s 
ratio (YM/PR) and acts as a proxy for a rock’s response to fracturing. Ideally, a reservoir with 
have a high Young’s Modulus and low Possion’s Ratio as it will actually fracture; If the situation 
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is reversed, with a low Young’s Modulus and a high Poisson’s Ratio, the rock will not shatter, 
but will instead absorb the shock or fracturing (Perez and Marfurt, 2013). 
 Furthermore, the presence of borehole fractures as well as their characteristics and 
borehole nature can also be used to understand reservoir characteristics. Fractures can indicate 
past states of strain in a formation and confirm Poisson’s Ratio and Young’s Modulus. It is 
important to distinguish between natural fractures and drilling induced fractures in order to 
correctly develop a reservoir according to in-situ stress factors. Likewise, determining borehole 
breakouts is also important as they represent an area where stresses around the borehole exceed 
the required amount to cause borehole failure. Areas with logs where bore breakouts have 
occurred should be suspect due to poor contact of the logging tool pads and the wellbore wall. 
Constant caliper logs act as quality control for borehole breakouts. 
 
6.3 Petrophysical Interpretations 
 Multiple tools were used to measure the physical properties of the rock and fluids present 
in the Good 4 #1 well.  
As mentioned before in Chapter 4, the Dean Formation experiences an overall slight 
decrease in Gamma Ray moving up from the Wolfcamp indicating an increase in sand content 
and a decrease in the Resistivity log compared to the Spraberry and Wolfcamp (Figure 6.1). 
Porosity logs indicate relatively constant low values through the Dean Formation (6-8%) with 
the Lower Dean having slightly better porosity than the Upper Dean. Water saturation (Sw) as 
calculated from logs in the Dean Formation contains few areas with lower than 60% water 
saturation and in general has significantly higher water saturation than the surrounding  
Spraberry and Wolfcamp Formations. Overall, Sw is higher in the Upper Dean than the Lower 
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Dean. These saturations follow similar trends to TOC. The Wolfcamp and Spraberry Formations 
have higher average amounts of TOC than the Dean Formation. 
From the aforementioned well logs, the Apache Corporation also calculated the basic 
mineralogy volume of the Dean Formation including: clay, quartz, limestone, dolomite, TOC, 
and oil (Figure 6.1). For the most part, actual core descriptions, thin sections, XRD, and XRF 
analyses agree with this mineralogy assessment except for the presence of limestone and 
prevalence of dolomite throughout the Dean Formation. However, the indication of limestone 
could be picking up on carbonate content overall, like detrital calcite or calcite cement, and does 
significantly increase in the Upper Dean compared to the Lower Dean. Overall, the Dean 
Formation has higher quartz content than clays and carbonate minerals. TOC content is 
extremely low, as noted before in the separate TOC log, in addition to very low oil saturations.  
Moving onto the geomechanical analysis of the Dean Formation, Young’s Modulus and 
Poisson’s Ratio were plotted to indicate the deformation behavior and brittleness of the Dean 
Formation. In Figure 6.2, Tract 4, areas where the Poisson’s Ratio overlap in light blue indicate 
high values, or more ductile rock, while areas with large white gaps between the light blue tracts 
indicate areas where the rocks will more easily fracture under pressure. While values for 
Poisson’s Ratio tend to be lower in the Dean Formation, there are areas with higher values, often 
corresponding with higher gamma ray spikes and depths with lower quartz contents in the 
mineralogical log. Plotting the Young’s Modulus versus Poisson’s Ratio gives an indication of 
rock brittleness. In Figure 6.2, Tract 3, areas with wider distance between the two calculations, or 
wider spotted yellow fill, means the rock is more brittle. This log is very similar to the Poisson’s 
Ratio log in that it has wider gaps in areas with higher quartz content and lower gamma ray 
readings, and thinner gaps in areas with lower quartz content and higher gamma ray readings. 
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The Apache Corporation also assessed the occurrence and orientation of natural and 
drilling induced fractures found with the Good 4 #1 well. In Figure 6.3, the well logs note the 
total number of fractures in Tract 3. For the Dean Formation, most of the fractures found within 
it were characterized as closed natural fractures or high angle joints. Some potentially open 
natural fractures were also documented. Some tensile-enhanced fractures, i.e. drilling induced 
fractures, were present and noted as having slightly different strike modes than natural fractures 
(Figure 6.4). The caliper log and the borehole shape is constant through the entire well, insuring 
that there were no borehole breakouts in this well. 
 
6.4 Core Luminance: Net Sand Differences in Core vs. Well Logs 
 Zane Jobe and the CoRE (Chevron Center of Research Excellence) group at the Colorado 
School of Mines have been working on developing algorithms to either extract properties from 
core photos when well logs or other data is unavailable or to couple with existing petrophysics 
and well data. The Dean Formation is so variable that standard logging tools are missing changes 
in lithology, facies, and possible productive areas due to their resolution. This is causing a net 
sand difference in the cores versus well logs, meaning that the well logs for the Dean Formation 
do not perfectly represent the core. To resolve this problem, core luminance curves were created 
to compare a gamma ray generated from core photos to the standard gamma ray taken from 
logging tools (Figure 6.5). 
 A core luminance curve is an intensity curve based on a grey-scale core image and 
algorithm created by Zane Jobe that acts as a gamma ray log. In comparing the standard gamma 
ray log with the core luminance log, the core luminance curve obviously picks out more changes 
in lithology than the standard gamma ray log. Issues with logging tool resolution cause this 
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difference in the curves. By using core luminance, geologists can easily identify areas with 
higher sand or siltstone contents as sandier rocks are light in color, i.e., core luminance uses pixel 
values to create a log that uses color as a proxy for siltstone/sand. As the Dean Formation 
produces from turbidite sands, this new tool could be used to target areas that might be missed 



















Figure 6.1: Basic well log analysis of the Dean Formation in the Good 4 #1 well. Logs include: 
Gamma Ray (GR), Spectral logs (THOR, POTA, and URAN), Resistivity logs (RSHAL, 
RDEEP, and RMICRO), Porosity logs (RHOB, NPHIL, PE, DTC, DRHO, PhiT, PhiE, 
BVWsxo, and BVW), TOC, Saturation logs (SwT), Sonic logs (DTS smooth and DTC smooth), 








































































































































































                            
Figure 6.2: Basic well log and geomechanical analysis of the Dean Formation in the Good 4 #1 
well. Logs include: Young’s Modulus/ Poisson’s Ratio, Poisson’s Ratio, calculated mineralogy, 
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Figure 6.5: A core photo of the Good 4 #1 core is overlain with a core luminance curve. These 
photos are then stacked to make a “gamma ray” log of the core luminance curve. This is then 
compared to the standard Gamma Ray log for the Good 4 #1 well. The core luminance curve 
picks up on lithology changes within the core that the standard Gamma Ray tool cannot due to its 
limited resolution (Core photo with overlain core luminance curve and core luminance algorithm 







7.1 Reservoir Quality 
 Reservoir quality is the capacity of a reservoir to store or transport oil and gas (Slatt, 
2006). Permeability and porosity encompass two major controls on hydrocarbon storage and 
flow within a reservoir and, as such, can be used as important reservoir quality indicators. 
 
7.2 Porosity and Permeability 
 The following section discusses the porosity and permeability of the Dean Formation as 
measured and estimated through the use of the TinyPerm3 tool, Twin Plug analysis, and 
estimated thin section image porosity. 
 
7.2.1 Sampling and Data Presentation 
 Three methods were used to determine porosity and permeability in the Well 1508 and 
Good 4 #1 cores: twin plug analysis, TinyPerm 3 and petrographic thin sections (Table 7.1 and 
Figure 7.1). Porosity was determined for the Good 4 #1 core using twin plug analysis conducted 
by Weatherford Laboratories and estimated for Well 1508 and Good 4 #1 using petrographic thin 
section photos and the software ImageJ to calculate porosity area compared to overall thin 
section area. Both twin plug analysis and a new method, the TinyPerm 3 tool, were used to 
determine permeability in Good 4 #1. Twin Plug analysis is conducted by taking two plugs at the 
same depth. The first plug undergoes Routine Core analysis and is used to understand the 
porosity and permeability of the plug in the received state. The second plug is first scanned on 
the NMR machine in an as received state. The second plug then undergoes a process to reach 
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steady state perm where oil is the flowing medium. Once the plug has reach steady state 
conditions, the plug is re-scanned on the NMR machine. Two plugs are needed as solvent 
extraction alters the saturation state of the plug, which undermines steady state work. 
 It must be mentioned that overall there is a bias in sample count between facies sampling 
in this dataset (Figure 7.2). These biases are mainly caused by differences in tools used along 
with their limitations and sampling regulations on the Well 1508 and Good 4 #1 cores 
respectively. Another thing that must be mentioned is important differences between the two 
tools used to measure permeability. Although the twin plug analysis and petrographic thin 
sections gathered similar results for porosity, vastly different permeability values were collected 
by the twin plug analysis and TinyPerm3 tool. These differences can be attributed to many 
factors. One major discrepancy is the fact that the twin plug sample permeability measurements 
were conducted at a net confining stress of 2400 psi while the TinyPerm3 measurements were 
taken at atmospheric conditions. Rock permeability measured while stressed will certainly be 
less than rock permeability measured while unstressed. An additional major limitation of the 
TinyPerm3 tool is that one must avoid sampling an area with numerous induced and/or natural 
fractures and microfractures. Failing to do so will result in an extremely high and erroneous 
reading. Twin plug analysis avoids this issue, which could also lead to higher permeability 
values when using the TinyPerm3 tool versus the twin plug analysis. Due to these differences in 
sampling conditions for these permeability tools/analyses, the order of 2-magnitude difference 





7.2.2 Overall Porosity and Permeability Distribution 
 According to all of the encompassed porosity and permeability data (Twin Plug data, 
TinyPerm3 measurements, and petrographic thin section analysis), the Dean Formation overall 
has low to moderate porosity values and low permeability values. In addition, both porosity and 
permeability values were found to have lower values in the Upper Dean in comparison to the 
Lower Dean. 
 
7.2.3 Distribution of Porosity and Permeability in Regard to Facies 
 Within the Dean Formation facies, there exists a wide range of porosity and permeability 
from negligible to up to ~12% and negligible to 0.3738 mD. Figures 7.3, 7.4 and 7.5 shows that 
Facies 1 and 4 have the highest porosity values and that Facies 1 and 2 have the highest 
permeability values. 
 According to data consisting of 107 TinyPerm3 samples from Good 4 #1, 10 thin sections 
from Good 4 #1, and 4 thin sections from Well 1508, Facies 1 has an average permeability for 
Good 4 #1 of 0.2201 mD and an average porosity of 9.60% for Good 4 #1 and 9.807% for Well 
1508. 
 Facies 2 has both twin plug and TinyPerm3 permeability analyses for Good 4 #1. 
According to one twin plug sample, Facies 2 has a permeability of 0.005mD and according to 87 
TinyPerm3 samples, Facies 2 has a permeability of 0.3738 mD. As for porosity, the Good 4 #1 
core has one thin section and twin plug sample of Facies 2 with an average porosity value of 
8.56% and porosity of 8.2% respectively. Well 1508 has two thin sections with an average 
porosity of 7.115%. 
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 Data consisting of 59 TinyPerm3 samples and five thin section samples for Facies 3 in 
Good 4 #1, have determined a permeability of 0.1799 mD and an average porosity of 1.993%. 
These are the lowest overall porosity and TinyPerm3 permeability measurements for all sampled 
facies.  
Facies 4 has both twin plug and TinyPerm3 permeability analyses for Good 4 #1.  
According to one twin plug sample, Facies 4 has a permeability of 0.0028 mD and according to 
193 TinyPerm3 samples has an average permeability of 0.1888 mD. As calculated by 11 thin 
sections samples and one twin plug sample from Good 4 #1, this core has an average porosity of 
8.696% and porosity of 12.02% respectively. 
 Facies 5 in Good 4 #1 has a permeability of 0.189 mD and an average porosity of 3.16% 
according to 48 TinyPerm3 samples and 3 thin sections. Likewise, in Well 1508 Facies 5 has an 
average porosity of 7.983% measured from one thin section. 
 Facies 6 is not represented here as Well 1403 was not sampled for permeability or 
porosity measurements.  
 
7.2.4 Porosity vs. Permeability Facies Trends 
 Figure 7.3 illustrates porosity vs. permeability trends found within the facies of the Good 
4 #1 core. Due to the limitations of the TinyPerm3 tool, not all porosity estimates have a 
corresponding permeability measurement and therefore are not included in the graph. Overall, 
the samples facies have porosities ranging from 0.05% to 18.12 % and permeabilities ranging 
from 0.0726 mD to 0.4855 mD. 
 Facies 1 is represented by only one sample on the graph that shows a moderate porosity 
of 9.58% and a very low permeability of 0.0881 mD. 
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 Facies 2 is also only represented by one sample on the graph. It illustrated moderate 
porosity at 8.56% and low permeability at 0.4855 mD. This one sample has the highest 
permeability measurement on this graph.  
Facies 3 is represented by 3 samples on the graph and has very low porosities (0.05-
3.25%) and very low permeabilities (0.726-0.1024 mD). Overall this facies has the lowest  
permeability and porosity values. 
 Facies 4 has the most representation on the graph with 9 samples. This facies shows a 
large range in porosity and permeability values with porosities ranging from very low at 1.51% 
to very high at 18.12% and low permeabilities ranging from 0.0821 mD to 0.4076 mD.  
 Facies 5 only has one sample on the graph and shows low porosity (4.02%) and 
permeability (0.2495) mD.  
 Again, as Facies 6 is not present in the Good 4 #1 core it is not included in this analysis. 
 
7.3 Bioturbation and Reservoir Quality 
 Bioturbation has been known to either positively or negatively affect the porosity and 
permeability of a rock as it changes the internal structure of a rock. In the case of the Dean 
Formation, bioturbation may have a positive effect on permeability.  
Although oil companies typically produce from the “sandy” turbidites found in the Dean 
Formation, Facies 2 has shown that it can have permeabilities and porosities close to or even 
higher than those of Facies 4. Facies 2 is thought to be a more oxic, bioturbated version of Facies 
1. While Facies 1 has higher porosities for both Good 4 #1 and Well 1508, it has a lower average 
permeability than Facies 2. In terms of TinyPerm3 analysis, there is one reason among many 
possible answers as to why these values for Facies 2 are increased. Many of the burrows found 
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within the bioturbated intervals of the cores are horizontal which can cause these intervals to 
have higher Kh or lower Kv/Kh ratios. The TinyPerm3 tool measures Kh in a very narrow 
sample window of the core, thus perhaps making Facies 2 bioturbated intervals read higher 
permeabilities than the non-bioturbated Facies 1 intervals. 
Contrastingly, bioturbation seems to indicate a negative affect on porosity. Again, when 
comparing Facies 1 and Facies 2, Facies 2 has higher amounts of clay within it. This probably 
clogs up porosity present before bioturbation occurs causing lower porosity in bioturbated 
intervals, thus lower porosities in Facies 2 than in Facies 1. 
 
7.4 Microfractures Relationship with Facies Porosity and Permeability 
 In certain facies, microfractures make up most, if not all, of the porosity seen in thin 
sections. Furthermore, these microfractures can inflate a facies average porosity. In the case of 
Facies 5, this facies would typically have almost negligible porosity or permeability due to how 
packed the grains are as well as the high content of clays; however, when microfractures occur in 
this facies, the average porosity and permeability are exceedingly increased, although still very 
low when compared to the other facies. 
 
7.5 Calcite Cementation and Carbonate Minerals effect on Reservoir Quality: The 
Major difference between the Upper and Lower Dean 
 
 Even though it is difficult to discern the differences between the Upper and Lower Dean 
when solely looking at the core scale, several major differences can be identified through thin 
sections (Figure 7.6).  
As mentioned earlier on in Chapter 5, the Upper and Lower Dean have very different 
mineralogical makeup. In the case of thin sections, a few major differences have been identified: 
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Upper Dean: 
1. Overall higher carbonate content, whether it is detrital calcite, calcite 
cement, or dolomite. 
2. Lower percentage of porosity 
Lower Dean: 
1. Overall lower carbonate content, whether it is detrital calcite, calcite 
cement or dolomite. 
2. Higher percentage of porosity. 
3. Higher clay content. 
These observations are supported not only by XRD and XRF analysis, which also show 
higher percentages of carbonate minerals in the Upper Dean and lower percentages of carbonate 
minerals and higher clay content in the Lower Dean, but also by calculating the average porosity 
and permeability for each facies in the Upper and Lower Dean (Table 7.2 and Table 7.3). 
Permeability and porosity are generally known to decrease with an increase in calcite grains and 
cement; this seems to hold true when concerning the Dean Formation. All of the facies found in 
the Good 4 #1 have higher TinyPerm3 measured permeabilities in the Lower Dean in 
comparison to the Upper Dean. Likewise, when comparing porosities in both the Good 4 #1 and 
Well 1508, more facies in the Lower Dean have higher porosities than the Lower Dean when a 
direct comparison is possible (due to sampling bias, not all facies were sampled evenly or at all 
in both cores). Ultimately, the presence of higher percentages of calcite cement and other 




Table 7.1: Porosity and permeability measurements for Good 4 #1 and Well 1508 cores. A) Twin 
plug analysis and TinyPerm3 analysis permeability measurements for Good 4 #1 core samples. 
This table also notes the number of samples per analysis type illustrating sample bias per facies. 
B) Twin plug analysis and thin section porosity estimates for the Good 4 #1 core samples. This 
table also notes the number of samples per analysis type displaying sample bias per facies. C) 
Thin section porosity estimates for Well 1508 and notes sample bias per facies. 
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Figure 7.1: TinyPerm3 tool used for collecting core permeability measurements. A) Image of the 
TinyPerm3 tool and the phone app that is used to display the resulting permeability measurement 
and time versus air curve. Images B) and C) represent how to use the tool. First, place the rubber 
tip of the tool on the core, insuring a tight seal of the tool to the core by firmly holding the tool in 
place and completely vertical (Image B). Letting the tool sit non-perpendicular to the core can 
result in a break of the seal. Second, take the black plunger handle of the tool and slowly, but 
firmly, press down until it clicks into its final position (image C). Hold the tool in place until the 
phone app displays the resulting permeability measurement, which takes roughly 45 to 60 
seconds for each sample. It is important to make sure that the tool has a tight seal on the core and 
that the measurement area is devoid of microfractures. Placing the tool on an area with 
microfractures or failing to keep a tight seal the entire time while the tool is working will result 
in a massively inflated permeability measurement. 
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Figure 7.2: Distribution of TinyPerm3 permeability samples in Good 4 #1 core and the 
percentage of facies containing TinyPerm3 data. As certain facies in the Dean Formation are 
abundant in microfractures, this made sampling some facies more difficult than others and 
helped lead to unequal sampling of all facies in addition to other factors. 
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Figure 7.3: Combined Well 1508 and Good 4 #1 facies porosity trends. 
       
Figure 7.4: Good 4 #1 facies TinyPerm3-permeability trends. 
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Figure: 7.5: Good 4 #1 facies thin section image estimated porosity and TinyPerm3 permeability trends graph. Unfortunately, the 
TinyPerm3 tool was not able to be measure permeability in every area where a thin section was taken due to the presence of 
microfractures; therefore, depths without a corresponding porosity and permeability measurement are not plotted on this graph. 
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Figure 7.6: Petrographic differences of Facies 4 in the Upper and Lower Dean Formation. Overall, the Upper Dean has a higher 
percentage of carbonate content, with detrital and authigenic calcite cement present and dolomite grains. It also has a lower percentage 
of porosity. The Lower Dean has lower carbonate content, higher clay content and a higher percentage of porosity. A) Detrital calcite 
grains are easily picked out in the sample as they are stained pink. There is visibly less porosity (stained blue) than in Lower Dean 
sample C. Sample taken from Well 1508, 8577.5’.B) Almost no detrital calcite grains present in this sample. Higher clay content and 
porosity percentage than in sample A as seen by the larger amount of blue. Sample taken from Well 1508 at 8577.5’. C) Zoomed in 
image of sample A. Large detrital calcite grains present in image as well as calcite cement and dolomite grain. D) Zoomed in image of 
sample B. No carbonate content, although higher percentage of clay.
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Table 7.2: Comparison of Good 4 #1 core average permeability values measured by TinyPerm3. 
The Lower Dean has higher average permeability values than the Upper Dean. This could be 
attributed to the higher calcite content in the Upper Dean and its negative effect on permeability. 
 
Facies Permeability (mD) 
Portion of Dean 
Core Sampled Facies 1 Facies 2 Facies 3 Facies 4 Facies 5 
Total 0.22007 0.3738 0.17993 0.18876 0.18895 
Upper Dean 0.21017 0.33343 0.11622 0.15146 0.15159 






Table 7.3: Comparison of the estimated porosity in the Upper and Lower Dean in both the Good 
4 #1 and Well 1508 cores. Where a comparison can be made between the Upper and Lower 
Dean, overall, the Lower Dean tends to have higher estimated porosities than the Upper Dean. 
 
                Estimated Facies Porosity (%)   
Portion of Dean 
Core Sampled Facies 1 Facies 2 Facies 3 Facies 4 Facies 5
Good 4 
#1 
Total 9.60 8.56 1.99 8.7 3.16 
Upper Dean 9.58 N/A 3.03 7.29 N/A 
Lower Dean 9.61 8.56 1.48 10.9 3.16 
Well 
1508 
Total 9.81 7.12 N/A 12.02 7.99 
Upper Dean 9.56 7.12 N/A 8.72 9.87 












Out of the six facies identified, Facies 1 (Laminated argillaceous siltstone), Facies 2 
(Bioturbated argillaceous siltstone), and Facies 4 (Clean siltstone (Bouma sequences Ta, Tb, and 
Tc)) exhibit the highest average porosity values. Traditionally, the Dean Formation has been 
produced from Facies 4, the clean turbidite siltstone deposits; however, when compared to all of 
the other facies, Facies 4 was found to have the second lowest average Good 4 #1 permeability 
value and only the second highest average porosity values in both Well 1508 and the Good 4 #1. 
Facies 4 does have the highest quartz content, with lower amounts of clay and carbonate, than in 
Facies 1 and 2. Taking all of these facts into account, Facies 4 will probably remain the dominant 
facies produced in the Dean Formation,  yet, perhaps Facies 1 and 2 should be studied more to 
see if they would be good candidates as well. 
The location of these facies within the Dean Formation matter greatly when it comes to 
their reservoir qualities. The Upper and Lower Dean have very distinct mineralogical and 
reservoir properties that either help or hinder their potential reservoir quality. Overall, facies 
found within the Upper Dean in both the Good 4 #1 and Well 1508 cores have reduced porosity 
and permeability likely due to the dramatic increase in detrital and authigenic carbonate content 
and the decrease in silica content. The Lower Dean exhibited oil stains in all three cores while 
the Upper Dean had none. This phenomenon may perhaps be due to the carbonate cemented zone 
that separates the Upper and Lower Dean and marks the area where the Dean significantly 
changes in mineralogy. Possibly, this carbonate cemented zone acts as a regional carbonate seal, 
preventing hydrocarbons from migrating up into the Upper Dean, thus explaining why there are 
no hydrocarbon indicators within the Upper Dean. Petrophysical analysis also indicated that the 
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Lower Dean has lower water saturation values than the Upper Dean, as well as higher TOC 
values and higher amount of natural fractures. The presence of microfractures within the cores 
has been found to greatly enhance the porosity found within individual facies; a higher 
percentages of fractures were found within the Lower Dean compared to the Upper Dean. 
Therefore, because of these differences, the Lower Dean has better reservoir quality and 
prospectivity than the Upper Dean. 
There are also major differences in facies composition found within all three cores. The 
Well 1403 and Well 1508 cores, are very similar in composition and both are dominated by 
turbidite deposits, while the Good 4 #1 core is dominated by Facies 1 with a significantly smaller 
percentage of turbidite deposits. The prevalence of turbidite deposits in Well 1403 and Well 
1508 make them “sandier” than the Good 4 #1 suggesting that Well 1403 and Well 1508 were 
most likely proximal deposits and the Good 4 #1 was a distal deposit (Figure 8.1). Since the 
Dean Formation is typically produced from turbidite sands and siltstones, Well 1403 and Well 
1508 would seem to be better reservoir prospectivity than the Good 4 #1.  
Moreover, the turbidite siltstones in Well 1403 and Well 1508 seem more amalgamated 
and have higher average porosity than the Good 4 #1, with an average porosity of 12.0% 
compared to 8.7%. As a result, the area closer to the Well 1403 and Well 1508 wells, i.e. within 
Ackerly field, seems to have better reservoir prospectivity compared to the Good 4 #1 well area, 
which is located outside of Ackerly Field. However, a production test of Facies 1 & 2 seem 
warranted based on the petrophysical findings and reservoir quality of these facies documented 




Figure 8.1: Due to Well 1403 and Well 1508 containing more clean siltstone (turbidite deposits), they are “sandier” than Good 4 #1 
and could be considered as more proximal deposits while the Good 4 #1 is a more distal deposit. These turbidites could be a part of the 
same lobe, or could be separate.
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CHAPTER 9 
SUMMARY AND CONCLUSIONS 
This study included multiple methods and analyses in order to further understand the 
basic character of the Dean Formation and its reservoir quality and properties including core 
description and analysis, petrographic thin section analysis and images, XRF analysis, XRD 
analysis, FE-SEM imaging, well log correlations, petrophysics, geomechanical data, core 
luminance curves, porosity and permeability data. 
Core analyses including core descriptions, petrographic thin section analyses, and facies 
analyses were conducted on three cores, the Good 4 #1, Well 1403, and Well 1508 to better 
understand the lithology and deposition of the Dean Formation. In addition to core analyses, the 
three wells were correlated using their respective well logs.  
XRD, XRF, FE-SEM and petrographic thin sections were used to determine the 
geochemical and mineralogical characteristics of the Dean Formation. XRF analysis aided in 
understanding different aspects of the paleodepositional environment, including terrigenous 
input, paleoproductivity, and bottom water oxygen conditions. Moreover, XRF analysis helped 
differentiate between detrital and authigenic minerals. XRD, petrographic thin sections, and FE-
SEM imaging helped with understanding the rock composition and clays found within the Dean 
Formation as well as major mineralogical differences between the facies and the Upper and 
Lower Dean. 
Well logs provided by the Apache Corporation for the Good 4 #1 led to a petrophysical 
and geomechanical analysis of the Dean Formation within this well. These analyses were used to 
identify and quantify the hydrocarbon resources in the Dean Formation as well as identifying 
physical reservoir rock properties. Likewise, porosity and permeability measurements from 
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TinyPerm3, Twin Plug analysis, and ImageJ estimation were also used as important reservoir 
quality indicators for the study area. Comparatively, core luminance was used to show the net 
sand differences found in core versus well logs in the Dean Formation due to tool resolution. 
Based on these aforementioned observations, analyses, and interpretations, the following 
conclusions were made regarding this study: 
1. A total of six facies were determined through core description and analysis. These facies can 
then be broken up further into three facies associations: basinal, turbidite, and transitional 
facies associations. 
a. Basinal Facies: Facies deposited during “normal” basinal functions when no other 
major events were occurring. 
i. Laminated argillaceous siltstone 
ii. Bioturbated argillaceous siltstone 
iii. Massive/Microburrowed argillaceous siltstone 
b. Turbidite Facies: Facies deposited during turbidite events, i.e., Bouma facies. 
i. Clean siltstone (Bouma sequences Ta, Tb, and Tc) 
ii. Silty shale (Bouma sequences Td and Te). 
c. Transitional Facies: Facies deposited when sediments are transitioning from the Dean 
Formation into the Spraberry Formation. 
i. Wavy-laminated/rippled stiltstone 
2. Dean Formation sediments were likely deposited as turbidites, through submarine 
canyons/channels and fans in an intracratonic, deep-water basin surrounded by carbonate 
platforms. 
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3. The Dean Formation can be recognized in well logs by a decrease in gamma ray moving 
upwards from the Wolfcamp Formation and a decrease in resistivity compared to the 
Wolfcamp and Lower Spraberry formations. 
4. The Dean Formation exhibits great vertical and lateral facies variability. The high percentage 
of turbidite deposits found within the three cores has made it difficult to correlate facies 
between wells due to the localized nature of turbidite deposits and the wells being spread too 
far apart. 
5. All three cores in the study show signs of high amounts of terrigenous input, moderate 
amounts of paleoproductivity, and low to moderate amounts of anoxia. Silica content 
increases with increased depth while carbonate content decreases with increased depth. 
6. Facies 1 had high percentages of quartz content, and low percentages of carbonate and clay 
minerals. Facies 2 exhibited similar patterns but had higher percentages of clays and 
extremely low carbonate minerals. Facies 3 had the largest diversity of mineralogical content 
with clusters of extremely high calcite content, medium calcite content, and low calcite 
content. The high calcite samples were taken in portions of the core with carbonate debrites. 
Facies 4 and Facies 5 both had high percentages of quartz, low to medium clays, and low 
carbonate content.  
7. The occurrence of authigenic minerals or diagenetic processes, like quartz overgrowths, 
micro quartz cement, calcite cement, and dolomite, often occlude porosity and permeability 
found with the Dean Formation. 
8. Petrophysics determined the Dean Formation has relatively constant, low porosity values and 
low TOC values. In addition, the Dean Formation has significantly higher Sw values than the 
underlying Wolfcamp and overlying Spraberry Formations, with very few parts of the Dean 
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Formation measuring less than 60% water saturation. Overall, the Dean Formation exhibits 
lower values for Poisson’s Ratio. Fractures were also seen within the core and were mostly 
determined to be closed natural fractures or high angle joints. 
9. Due to the variability of lithology in the Dean Formation, standard logging tools miss most of 
the changes within the core which often leads to differences in net sand in core versus in well 
logs. Core luminance curves that are based on grey-scale core images can help identify areas 
of interested that would typically be missed due to logging tool resolutions. 
10. Overall, the Dean Formation exhibits low to moderate porosity values and low permeability 
values. Facies 1, 2, and 4 had the highest average porosity and permeability while Facies 3 
and 5 had the lowest. The presence of microfractures within the core greatly increased the 
porosity found within some facies. 
11. The Dean Formation can be divided into two parts: The Upper Dean and the Lower Dean. 
The two are separated by what could be a regional carbonate seal, which was found within all 
three cores in the study. Both are composed differently mineralogically, thus affecting their 
reservoir properties. According to XRF, XRD, petrographic thin sections and petrophysical 
analysis, the Upper Dean contains a higher percentage of authigenic carbonate minerals that 
tend to occlude porosity and restrict permeability. The Lower Dean is more silica dominant 
with lower detrital and authigenic carbonate mineral content, higher clay content and 
demonstrates higher overall average porosity and permeability. In addition, the Lower Dean 
generally shows lower water saturation, higher TOC values, and a higher number of fractures 
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APPENDIX A  
SUPPLEMENTAL ELECTRONIC FILES 
 The following files include raw data collected and used for this study, mostly in the form 
of Excel spreadsheets. Files include well and thin section sample information, XRD data, XRF 
data, TinyPerm3 measurements, and Twin Plug analysis. Files have been attached electronically 
in order for future Dean Formation researchers to use for their own future theses and projects. 
 
File Name File Description 
Dean Study Well Info.xlsx Excel spreadsheet including well names, well 
locations, and well API information used in this 
thesis. 
Thin Sections.xlsx Excel spreadsheet including list of thin sections used 
for this study. Thin section depth, interpreted facies, 
and estimated thin section image porosity included as 
well. 
Good 4 No 1 core XRF data.xlsx Excel spreadsheet of XRF data from the Good 4 #1 
core. 
Well 1403 and Well 1508 XRF data.xlsx Excel spreadsheet of XRF data from the Well 1403 
and Well 1508 cores. 
Well 1508 XRD Results.pdf PDF including XRD data analysis for the Well 1508 
collected by the Mineral Lab located in Golden, CO. 
Good 4 No 1 XRD Data.xlsx Excel spreadsheet of XRD data for the Good 4 #1 
collected by Weatherford Laboratories. 
Good 4 No 1 TinyPerm3 Perm.xlsx Excel spreadsheet of permeability measurements 
collected using New England Research TinyPerm3 
tool for the Good 4 #1 core. 
Apache Good 4 No 1 Twin Plug 
Analysis.xlsx 
Excel spreadsheet of Twin Plug analysis results for 
the Good 4 #1 core conducted by Weatherford 
Laboratories. 
Additional Well Logs and Thin section 
Images.pdf 
Acoustic wells log pictures as well as thin section 
images and descriptions. 
 
